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Animals can adapt to long-term environmental changes by modifying their 
behavior, which can be accompanied by structural alterations of the nervous 
system. Such alterations are common in sensory organs, composed of sensory 
neurons and glia, which initially detect environmental stress. The molecular 
mechanisms driving cell shape remodeling following environmental stress and 
the effects of such remodeling on animal survival are not well understood. C. 
elegans is an excellent model in which to study neuronal and glial cell 
remodeling. Under normal growth conditions, the sensory receptive endings of 
the bilateral AWC sensory neurons, which respond to volatile odorants, are 
individually ensheathed by processes of adjacent amphid sheath (AMsh) glial 
cells. Upon exposure to high temperature, starvation, or crowding, animals enter 
an alternative developmental state, called dauer, in which bilateral AMsh glia 
membranes surrounding the AWC neuron fuse, connecting the two glial cells, 
and allowing the AWC neuronal receptive endings to expand. Previous studies 
from our lab identified several AMsh glia proteins required for remodeling. These 
include (1) the cell fusion protein AFF-1, (2) a VEGFR-related protein VER-1, (3) 
the Otd/Otx transcription factor TTX-1, and (4) the zinc-finger transcription factor 
ZTF-16. ver-1 expression in AMsh glia is induced by dauer entry or by cultivation 
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at high temperature, and requires direct binding of TTX-1 to ver-1 regulatory 
sequences. To identify additional genes involved in stress-induced sensory organ 
remodeling, we performed a forward genetic screen, seeking mutants in which 
ver-1 expression at high temperature is not induced. One mutant recovered from 
this screen harbors a causal lesion in F47D2.11 gene, which encodes a 7-
transmembrane G-protein coupled receptor (GPCR). Mutations in F47D2.11 not 
only block ver-1 induction, but also prevent dauer-induced AMsh glia remodeling 
and result in a delay in exit from the dauer state following exposure to a favorable 
environment. F47D2.11 mutants can be rescued by expression of the wild-type 
cDNA in AMsh glia but not in AWC neurons. These results implicate F47D2.11 in 
the sensation of dauer conditions in AMsh glia, required for dauer-induced glial 
remodeling and timely dauer exit. 
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1  Introduction 
1.1  Adaptation to environmental stress is crucial for survival. 
Proper adaptation to environmental stress is crucial for survival and 
maximizing reproductive success. Extreme environments threaten the survival of 
the animal as well as propagation of the next generation. Organisms are often 
capable of modifying their development to better suit their environment. As the 
environment fluctuates, organisms must properly sense and adapt to the 
changes in order to maintain optimal metabolism and growth. Evolution has 
intelligent ways for organisms to adapt in otherwise lethal conditions by 
undergoing drastic developmental alterations and behavioral modification to 
survive and reproduce. 
Stress refers to any threatening situation that induces behavioral or 
physiological readjustments aimed to preserve homeostasis [1]. In response to 
environmental stressors, some organisms have evolved developmental 
strategies to persist under high stress conditions. For example, some organisms 
enter a specialized, stress-resistant state that permits both the temporal 
avoidance of the environmental insult as well as the dispersal of the organism 
from one environment to another. In response to nutrient depletion, some species 
of bacteria become endospores—metabolically inactive cellular structures with a 
thick, multi-layered protein coat and a dehydrated core [2]. Endospores have 
incredible longevity; some endospores of a Bacillus species have been recovered 
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from an extinct symbiotic bee host preserved in amber over 25 million years ago 
[3]. During sporulation, specialized endospore proteins called α/β-type small acid 
soluble spore proteins (SASPs) are synthesized and bind to the DNA, generating 
a protective, conformational change. These developmental changes in the 
bacterium provide resistance to environmental stressors, including high 
temperature, noxious chemicals and DNA-damaging ultraviolet radiation [2]. 
Some organisms enter a developmental period of metabolic arrest known 
as estivation. Estivation is a state of aerobic hypometabolism used by organisms 
to endure seasonally arid conditions, often in desert environments. Estivating 
species are often active for only a few weeks each year to feed, breed, and then 
retreat to estivate in sheltered sites, often underground. In general, estivation 
includes (1) a strong reduction in metabolic rate, (2) a primary reliance on lipid 
oxidation to fuel metabolism, and (3) methods of water retention, both physical 
(e.g. cocoons) and metabolic (e.g. urea accumulation) [4-7]. Invertebrates like 
land snails have evolved annual cycles of estivation during unfavorable 
environmental periods with low water availability and high temperature. Land 
snails dramatically reduce their metabolism [4] and generate a protective calcium 
carbonate membrane called an epiphragm to seals off their shell from the 
environment [5]. This allows estivating land snails to become resistant to 
desiccation and high temperatures, allowing them to survive prolonged periods of 
stress. 
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Vertebrates, including mammals, also undergo periods of estivation when 
faced with harsh conditions. For example, most species of lungfish enter 
estivation state during the dry seasons. To prevent desiccation, estivating African 
lungfish Protopterus annectens will dig a burrow in the mud and secrete a 
protective mucous cocoon from its epithelial mucous glands [6]. Similarly, some 
species of amphibians also enter reversible estivation by generating a protect 
cocoon to conserve their energy and prevent desiccation [6]. Estivating mammals 
also switch from carbohydrate to lipid metabolism to conserve energy [7]. These 
estivating animals can survive for many months, waiting for more favorable 
environmental conditions. 
Some species escape periods of environmental stress by generating 
stress-resistant offspring. Many fresh and saltwater sponges reproduce asexually 
to generate gemmules in response to unfavorable water temperature. Gemmules 
are collagenous glass capsules filled with metabolically-repressed cells and they 
are resistant to environmental stressors such as freezing and desiccation [8]. In 
response to freezing winters and summer droughts, the sponge species 
Eunapius fragilis gemmules will produce sorbitol that allows the buildup of high 
osmotic pressure, which in turn represses germination. Once faced with a 
favorable environment, gemmules synthesize sorbitol dehydrogenase, which 
relieves the osmotic pressure and allows these gemmules to continue their 
development into a new sponge [8,9]. 
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Some organisms enter a specialized physiological state of dormancy 
called diapause, characterized by profound metabolic depression and extreme 
stress tolerance. For example, the annual killifish Austrofundulus limnaeus adapt 
to the dry season by producing stress-tolerant embryos that can survive for 
months encased in drying mud [10-13]. The killifish rely on diapause as an 
integral part of their breeding cycles. Newly laid embryos quickly enter diapause 
state, which suspends all developmental processes including reduced 
metabolism, decreased heart rate, reduced oxygen consumption [14]. It also 
provides higher tolerance to various stresses, including long seasonal drought 
[14-17]. Exposure to increased temperature and light promotes exiting out of 
diapause [18,19]. In killifish, a diapause is regulated through temperature-
dependent vitamin D signaling where vitamin D3 promotes active development in 
fish embryos while inhibition of vitamin D3 synthesis leads to developmental 
arrest [20]. Other species of killifish have diverse survival mechanisms. Some 
adult killifish can survive out of water for an extended period while others can 
survive in extreme cold and anoxia [21]. While some organisms remain relatively 
immobile in a developmentally suspended, inactive state, other organisms remain 
physiologically active. For example, monarch butterfly in its reproductive 
diapause form can migrate over 3,000 miles from southern Canada and 
Midwestern United States to overwintering sites in central Mexico in search for 
favorable environment [22,23]. 
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Environmental stressors can cause short or long-term progression of 
changes that alter physiological function and reproductive development in a given 
organism. The adaptive tuning of development and behavior requires specialized 
cells to monitor environmental changes. 
1.2   Glia are important for appropriate response to stress 
Through evolution, different cell types have developed adaptive functions to 
appropriately respond to different stressors. In the nervous system, glial cells 
play a central role in compensatory responses designed to protect against 
stressors and consequent damaging effects on the organism. 
Glia are the most abundant cell type in the vertebrate brain and are 
intimately associated with neurons. Glia display diverse morphological complexity 
and specialization [24-26]. For example, glia secrete neurotrophic factors [27], 
provide guidance for neuronal migration and patterning [28,29], modulate 
dendritic morphologies [30,31], form the myelin sheath around axons required for 
fast nerve impulses, and regulate neuronal communication at synapses [32,33]. 
Glia, like neurons, can sense changes in their extracellular environment. 
Glia can directly sense stimuli such as Na+ levels [34], neurotransmitters [35], 
and protons [36]. Furthermore, glia can regulate behavior in response to sensory 
stimuli. Previous studies have shown glia in the ventral brainstem surface can 
sense CO2-induced acidosis, triggering the release of adenosine 5’-triphosphate 
(ATP) to activate neurons that control inspiratory breathing movements [37,38]. 
6 
Glial cells possess the machinery to gauge the environment surrounding their 
receptive endings. 
Glia also function in response to stress. Inflammatory responses are a 
major part of all central nervous system (CNS) insults, such as acute trauma, 
infection, malnutrition and chronic neurodegenerative diseases [39,40]. 
Inflammation in the brain recruits and activates glial cells as part of the immune 
response. A growing number of studies recognize diverse exposures to 
environmental stressors pose as risk factors for neurodevelopmental disease like 
ASD (autism spectrum disorder) [39,41]. In response to CNS insults, the brain 
signals a coordinated inflammatory response that includes glia, neurons, and 
other CNS cells. Chief inflammatory responders among CNS glial cells are 
microglia, the resident myeloid cells of the brain, as well as astrocytes. Both 
microglia and astrocytes have pro- and anti-inflammatory functions dependent on 
the mode of injury [42-47]. Recent studies indicate microglia can trigger astrocyte 
reactivity and these coordinated glia interactions are required regulation and 
resolution of the CNS inflammatory response [45]. 
1.2.1  Microglia 
One of the glial subtypes activated by the stressors is microglia. First 
identified by Rio-Hortega in 1932, microglial cells are part of the innate immune 
system and are the resident tissue macrophages of the CNS [48-50]. Microglia 
originate from the embryonic yolk sac and are incorporated into the CNS during 
the earlier stages of development [51]. Microglia are rapid responders to any 
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disruption of homeostasis or immune challenges, and are major producers of 
cytokines, chemokines, and other neuromodulators within the brain [49,52]. 
In response to CNS damage or infection, microglia can rapidly change 
their phenotype to express different receptors according to the stressor stimuli 
[53]. Microglia in the normal adult brain have a highly ramified “resting” 
morphology, with low levels of “activation markers” (e.g., complement protein 
CD11b, major histocompatibility molecules MHC II) on the cell surface. However, 
resting microglia are far from dormant or inactive. Throughout the neural tissue, 
resting microglia build a dense network of dynamic and reactive cells to survey, 
scan, and maintain brain homeostasis [54,55]. They play an important role as 
phagocytes and are essential for the development of the CNS, as they eliminate 
apoptotic neurons, produce growth factors and contribute to function and 
organization of the nerve tissue [56,57]. Later in life, microglia play a major role in 
adult neurogenesis [58] and in CNS remodeling of synapse structure and function 
[59-61]. The microglia processes are continually extending and contracting into 
nearby synapses in order to monitor their microenvironments and are likely 
responsible for synapse removal via phagocytosis [62]. Overall, the resting 
microglia survey and maintain a neuroprotective environment under normal 
physiological conditions [63,64]. 
Various danger signals to the CNS can induce inflammatory events and 
activate microglia [65-67]. Activated microglia can migrate toward the signals, 
proliferate, and engulf the injured cells [68]. There are two general phenotypes of 
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the active state of microglia—M1 and M2. The M1 phenotype is known as the 
classically activated state and M2 is referred to as an alternative active state that 
has other subpopulations [53,69-74]. In response to neuronal injury, these two 
phenotypes have opposite characteristics.  
Upon the M1 activation state, microglia can release various 
proinflammatory cytokines, chemokines and free radicals to inhibit neuronal 
repair and regeneration [75-82]. Conversely, the M2 state can improve brain 
repair and regeneration by attenuating neuroinflammation, inducing 
phagocytosis, and promoting the repair gene expressions that leads to wound 
healing and restores tissue homeostasis [78,80,81,83-94]. Recent studies have 
shown that microglia do not act on their own, but they coordinate their action with 
neurotoxic reactive astrocytes (described below) [45,95]. In addition, microglia 
help sustain the blood-brain barrier (BBB) [96,97]. Balancing both pro- and anti- 
inflammatory responses is necessary for maintenance of a healthy CNS. 
Chronically activated microglia can lead to substantial damages to CNS function 
and structure.  
1.2.2 Astrocytes  
Astrocytes are also highly involved in protection of the CNS. Astrocytes 
are the most abundant cells in the CNS that provide many homeostatic 
maintenance functions, including providing trophic support for neurons, 
promoting the formation and function of synapses, pruning synapses by 
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phagocytosis as well as the assisting in the formation and maintenance of the 
BBB [98-101]. 
Stressors to the brain can cause an unbalance of extracellular nutrients 
and ions [102], damage the BBB [103,104], and release excessive amounts of 
excitatory neurotransmitters, such as glutamate [105,106]. These responses can 
damage mitochondria and produce reactive oxygen species (ROS) that in turn 
increase DNA damage and inflammation, eventually leading to cell death [107-
109]. Astrocytes protect the brain through multiple mechanisms. Astrocytes 
regulate homeostasis in the brain by managing excess neurotransmitters, ions, 
and other metabolic products [110-112]. Astrocytes can also assist injured 
neurons by exchanging damaged mitochondria for healthy mitochondria [113]. 
Furthermore, astrocytes can protect neurons by producing an antioxidant 
response [114,115]. 
In response to brain stressors, astrocytes undergo a dramatic 
transformation called reactive astrocytosis [42,43]. Reactive astrocytes are 
characterized by high levels of glial fibrillary acidic protein (GFAP). GFAP is the 
main intermediate filament protein in mature astrocytes, and it is highly relevant 
to the pathogenesis of various CNS pathologies [116]. Reactive astrocytes form a 
glial scar after acute CNS trauma [43,98,117]. Previous studies indicate reactive 
astrocytes can both hinder and support CNS recovery [43,98,117-119]. However, 
it remains unclear under what contexts reactive astrocytes may be helpful or 
harmful. There are two forms of reactive astrocytes, A1 and A2 [42]. A1s 
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upregulate many genes that are destructive to synapses while A2s upregulate 
neurotrophic factors, suggesting A1s are harmful while A2s are protective [42]. 
Activated microglia induce A1 reactive astrocytes to drive scar formation, which 
allows astrocytes to regulate and contain the immune responses in a manner that 
controls neuroinflammation [45]. Crosstalk between microglia and astrocytes is 
crucial for the maintenance and protection of the CNS. 
1.3   GPCR-mediated signaling in response to stress 
Microglia and astrocytes express many G-protein-coupled receptors 
(GPCRs) to regulate their activation and signaling for proper response to the 
disturbance in neuronal damage. GPCR expressions in microglia provide 
important mechanisms in regulating parts of the activation process (e.g., 
proliferation, migration and differentiation into active phenotypes) [120]. Similarly, 
mGlu3 and mGlu5 GPCR expression in astrocytes have been shown to be crucial 
in sensing and responding to changes in glutamate [121]. 
GPCRs were first identified in 1986 [122] and are the largest and most 
versatile family of signaling receptors in humans [123,124]. GPCRs have seven 
transmembrane domains and their classic signaling pathway is to couple to G 
proteins to activate second messengers [125-127]. Heterotrimeric G proteins 
consist of Gα, β and γ subunits [128,129]. Upon activation by ligands, GPCR act 
as guanine-nucleotide exchange factor (GEF) for the Gα subunit, facilitating the 
exchange of guanosine diphosphate (GDP) for guanosine triphosphate (GTP), 
which results in dissociation of Gβ/Gγ dimers from the complex. Activated Gα 
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proteins and dissociated Gβ/Gγ subunits regulate many downstream signaling 
pathways. Gα i/o act through second messengers cAMP, Gα q acts through 
second messengers IP3 and DAG, while Gα 12/13 act through Rho GEFs. 
Gβ/Gγ signaling acts primarily on ion channels [130,131]. GPCRs respond to 
diverse external signals and play critical roles in various physiological processes, 
such as vision, olfaction, and neurotransmission. Many GPCRs have been found 
to be selectively localized to cilia on numerous mammalian and non-mammalian 
cell types. 
GPCRs can be classified into five families: glutamate, rhodopsin, frizzled, 
secretin, and adhesion [132]. Glutamate is a major excitatory neurotransmitter in 
the nervous system. Glutamate GPCRs play important roles in synaptic 
transmission, synapse formation, axon guidance, and the development of 
neuronal circuits [133,134]. The rhodopsin GPCRs are the most abundant GPCR 
family and are involved in photoreception and neurotransmission [135]. Frizzled 
GPCRs are activated by wingless/int (Wnt) proteins and control numerous 
cellular processes including neural crest development, patterning, and adult 
neurogenesis [136]. Secretin receptors are hormone receptors and have 
neuroprotective functions in the CNS [137]. Finally, adhesion GPCRs (aGPCR) 
represent the second largest GPCR family. aGPCRs play key developmental 
roles in many tissues and in nervous system development and disease 
[138,139]. 
12 
aGPCRs have two unique features: first, a long amino-terminal extracellular 
domain (ECD) for many family members that contains motifs important for cell–
cell adhesion; and second, the presence of a GPCR autoproteolysis-inducing 
(GAIN) domain within the ECD, which encompasses the highly conserved GPCR 
proteolysis site (GPS) [140,141]. Many aGPCRs undergo autoproteolysis at the 
GPS, which results in a protein that is separated into an N-terminal fragment 
(NTF) and a carboxy-terminal fragment (CTF) [142]. aGPCRs can function as 
adhesion molecules due to the NTF and can function as classical GPCRs 
through the CTF [138]. Several aGPCRs undergo homophilic trans-trans 
interactions, where they interact with other versions of themselves on 
neighboring cells [143]. Often these homophilic associations are signaled through 
NTF to promote adhesion. For example, the Celsr2 and Celsr3 aGPCRs increase 
intracellular calcium levels through homophilic N terminus-N terminus interactions 
and are thought to signal neurite outgrowth in cultured neurons [144]. Likewise, 
GPR56 aGPCR undergo N terminus-N terminus interactions to induce its 
downstream G protein signaling to activate Rho [143]. In Drosophila, aGPCR 
Flamingo can also undergo homophilic trans-trans interactions but it is unclear 
whether these interactions promote receptor signaling [144]. Some studies 
speculate that aGPCRs undergo N terminus-N terminus interaction to create a 
binding site for larger ligands while others suspect these receptors require large 
adhesive ligands to bind and stabilize N terminus-N terminus interactions to 
promote receptor signaling [138,143,145]. 
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GPR124 is another example of adhesion GPCR, which plays a pivotal role 
in brain angiogenesis and in ensuring a tight BBB [146-148]. Ectopic expression 
of GPR124 in cell culture promoted cell adhesion and filopodia formation [149]. 
Filopodia are highly dynamic, needle-like, actin-rich protrusions from the cell 
surface [150]. They are presumed to act as sensory organelles, extending and 
retracting very quickly to explore the external environment [150]. Work on 
GPR124 suggests that aGPCR may be important for cell-to-cell adhesion to 
maintain the BBB as well as induce some type of sensory function in the 
expressing cell to sense its external environment. 
1.4   Sensory organs detect environmental stressors 
In animals, specialized sensory organs detect environmental stimuli to 
regulate proper developmental and behavioral responses to the changing 
environment. Environmental sensory organs in animals are composed of neurons 
and their associated glia or glia-like cells. Neurons collect and convert 
environmental cues to electrical signals while glia are known to have several 
functions which include modulating neuronal activity [27-33]. Recently studies 
reveal important glial roles in regulating sensory organ morphology and function 
in response to environmental stressors. For example, the supporting cells in the 
mammalian ear are thought to contribute to hearing sensitivity. Deiters’ cells 
express the glial marker, glial fibrillary acidic protein (GFAP), and form the 
physical structure that supports the sensory outer hair cells of the cochlea [151]. 
Following high-intensity sound exposure, Deiters’ cells are displaced towards the 
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outer hair cells and this displacement is correlated with a loss of sensitivity in the 
cochlea [152]. Since continued acoustic stress can damage the outer hair cells, 
this suggests decreased sensitivity to sound by displacement of the Deiters’ cells 
is a protective response against acoustic stressors [152].  
In the vertebrate eye, Müller glia make contacts with photoreceptor cells in 
the retina. High levels of light can induce damage to the photoreceptor cells. In 
response to such injury, a subset of Müller glia dedifferentiate to produce 
embryonic retinal progenitor cells and ultimately form new photoreceptors, 
neurons or glia [153,154]. Similarly, retinal pigmented epithelial (RPE) cells 
ensheath the outer segment of the photoreceptors. Retina degeneration can be 
caused by exposure to high levels of light. Exposure triggers photo-oxidative 
reactions in the photoreceptors that, at high levels, can lead to a build up of 
reactive products, thus damaging the retina. RPE cells protect photoreceptors by 
reducing photo-oxidative stress using antioxidants and detoxifying agents within 
the photoreceptor cell [155]. Altogether, these observations suggest glial cells in 
the sensory organs play an important role in regulating stress-induced 
responses. 
1.5   Caenorhabdit is elegans  sensory organs 
Like vertebrates and other animals, the nematode C. elegans sense the 
environment through sensory organs composed of specialized sensory neurons 
and glia. Worms have six types of sensory organs, all sharing a basic structure of 
one or more sensory neurons extending the ciliated endings of its dendrite into or 
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through a lumen generated by two glial cells [156]. The primary sensory organ of 
the worm is the bilaterally symmetric amphid sensilla, located at the anterior tip of 
the animal. Each amphid consists of twelve sensory neurons and two 
ensheathing glial cells, the amphid sheath (AMsh) and amphid socket (AMso) 
cells (Fig. 1-1). Amphid neuron cell bodies are located near the posterior bulb of 
the pharynx. The axons of these amphid neurons extend into the nerve ring while 
their dendrites extend to the anterior tip of the animal (Fig. 1-1 b). The AMsh cell 
body is located near the amphid neuronal cell bodies while the AMso cell body is 
near the anterior bulb of the pharynx (Fig. 1-1 b). AMsh and AMso glia also 
extend their processes anteriorly, making contact with the dendrite projections of 
amphid neurons (Fig. 1-1 b). All amphid neuronal sensory endings are 
ensheathed by the sheath glia at the anterior tip (Fig. 1-1 c) [157,158]. Four of 
these amphid neurons have their dendritic endings fully embedded within the 
AMsh glia and surrounded by an undefined matrix material secreted by the 
sheath cell. The remaining neurons extend their sensory cilia through the amphid 
channel, formed by the AMsh and AMso glia. The amphid channel is open to the 
outside environment and also filled with AMsh-secreted matrix [156]. Each 
dendrite enters the sheath cell through an individual lumen before converging in 
a common lumen. 
The amphid dendrites terminate in specialized cilia, the shape of which are 
diverse and important for sensory responses [159]. Different cell-surface 
receptors, ion channels, and signal transduction machinery are localized at 
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Figure 1-1. The amphid is  the pr imary chemosensory organ in C. 
e legans .  (A) Schematic of an adult C. elegans hermaphrodite. The amphids are 
located in the head. (B) Each amphid consists of 12 neurons (in red; only one is 
drawn here for simplicity) and two glial cells, the amphid sheath (AMsh, green) 
and the amphid socket (AMso, blue). (C) Processes from the neurons and glia 
come together at the tip of the nose to form the amphid sensory organ. The glial 
cells align to form a tube, the amphid channel, through which some amphid 
neuron dendrites extend sensory cilia that adopt distinct morphologies: single 
cilia (neurons ASE, ASG, ASH, ASI, ASJ, and ASK), double cilia (neurons ADF 
and ADL), wing cilia (neurons AWA, AWB, and AWC) and the finger cilia of AFD. 
Adherens junctions between the dendrites and the sheath glia, as well as 
between the sheath and socket glia establish a niche for the sensory cilia. This 
niche is filled with matrix material secreted by the sheath glia; thus, the site 
where the nervous system of the animal meets the environment is under the 
direct control of glia. Adapted from Perkins et al., 1986 [159].  
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these ciliated sensory endings [160]. Amphids are required for many 
behavioral responses such as movement in response to tastants and odorants 
[161,162], temperature seeking behavior [163], nose touch responses [164], and 
dauer development in response to environmental stress (see below) 
[156,159,161,165]. For example, ASI and ASJ neurons have single, microtubule-
based cilia that project through an open amphid channel formed by the glia and 
are directly exposed to the outside environment [156]. ASI neurons can sense 
temperature and secrete endocrine signals in response to environmental 
stressors that induce dauer while ASJ neurons control both entry and exit from 
dauer stage [156,165-167]. By contrast, the dendrites of AWC neurons terminate 
in butterfly wing-like structures [157]. These elaborate endings are embedded in 
the AMsh glia in a hand-in-glove configuration and can respond to odorants to 
alter odor-associated behavior [156,159,161,165]. In response to removal of 
odorants from the environment, AWC neurons signal the release of glutamate at 
the AWC synapses, which affects downstream neuronal circuits that regulate 
animal turning behavior [168]. AWC can also respond to temperature to regulate 
temperature-associated behavior [169,170]. 
In the head of the worm, separate from the amphid, are six symmetrically 
arranged inner labial sensilla. Each of these sensilla contains two dendrites, IL1 
and IL2 neurons, as well as IL sheath (ILsh) and IL socket (ILso) glia. During 
development, ILsh cells are suggested to guide axons entering the nerve ring 
neuropil, the “brain” of the worm, from the anterior via the six labial nerves 
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[171,172]. IL1 neurons are mechanosensory and regulate head withdrawal in 
response to dorsal or ventral nose touch [173,174] while IL2 neurons are thought 
to be chemosensory [159]. 
At the tail of the worm are bilateral sensory organs called the phasmids. 
These organs consist of only two neurons, one phasmid sheath (PHsh) and two 
phasmid socket (PHso) glial cells. Phasmids are required for measuring nose-to-
tail environmental gradients [175]. 
1.6  C. elegans  enter a stress-resistant state called dauer 
In addition to the organisms described earlier, the nematode C. elegans 
provides another striking example of an animal that enters an alternative 
developmental state in response to environmental stressors. In favorable 
conditions, C. elegans undergo normal reproductive growth, progressing through 
four larval stages (L1 through L4) to become egg-laying adults (Fig. 1-2). In 
contrast, unfavorable conditions trigger late L1s to enter the L2d (pre-dauer state) 
and then proceed into a protective, developmentally-arrested larval stage termed 
dauer, from the German for “enduring” larva (Fig. 1-2) [176]. 
Dauer animals are morphologically distinct from larvae that develop in 
favorable conditions. For example, the dauer body circumference shrinks radially 
and the cuticle is altered, having a thicker outer cortex and an additional striated 
underlayer compared to non-dauer animals [176]. The thick protective cuticle 
occludes the buccal cavity, which prevents toxins from entering the body and 
helps retain solutes and fluids within the body [176]. The pharyngeal pumping 
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Figure 1-2. The l i fe cycle of Caenorhabdit is elegans. During 
reproductive development, C. elegans progresses through four larval stages, L1 
to L4, before becoming an egg-laying adult. In unfavorable environments, C. 
elegans select an alternative developmental pathway developing into L2d and 
then dauer larvae. When environmental conditions become favorable, C. elegans 










used to rhythmically suck in and trap bacteria ceases, perhaps since the buccal 
plug blocks access to the environment [176]. Therefore, dauer metabolism is 
altered for long-term survival [177]. Compare to non-dauer animals that 
continuously explore their environment in search of food or for feeding, dauer 
animals are mostly motionless for long periods and their overall movement is 
suppressed [176,178]. Dauers also display a specialized behavior called 
nictation, where the animal lifts its body off the surface, waving its head in the air 
[176]. Dauer animals can also nictate as a group, entwining their bodies into a 
waving rope. Nictation helps dauer animals attach to moving hosts to find new 
environments [179]. These morphological changes increase resistance to 
environmental challenges and enable dauer animals to persist in harsh 
environments for an extended period of time [176]. When environmental 
conditions improve, C. elegans resumes pharyngeal pumping for normal feeding 
and continues development to a fertile adult, sometimes called post-dauer (Fig. 
1-2). Thus, the dauer state provides a temporal escape from harsh environments 
and allows for dispersal of the worm from one environment to another. 
Dauer entry in C. elegans is promoted by high population density, low food 
abundance and high temperature[176,180]. Population density is measured by 
the levels of dauer pheromone in the environment, a complex mixture of 
chemicals secreted constitutively by the animal [180]. Dauer pheromone is the 
most potent dauer entry signal and this induction is temperature-dependent 
[180,181]. In the presence of pheromone, shifting to higher temperature 
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enhanced dauer formation while shifting to lower temperatures promoted dauer 
recovery [182]. The dauer pheromone consists of structurally related derivatives 
of the sugar ascarylose, termed ascarosides [183-185]. These are sensed 
through multiple receptors, one pair of which is the guanosine-5’-triphosphate 
(GTP)-binding protein (G-protein)-coupled receptors (GPCRs) SRBC-64 and 
SRBC-66, that are expressed specifically in a pair of environmental ASK sensory 
neurons and function together to mediate responses to dauer pheromone [166]. 
While it is clear that certain G proteins play a role in dauer formation, not all of 
the relevant G proteins have been identified. Studies have shown Gα subunits 
GPA-2 and GPA-3 are expressed in several amphid neurons and are involved in 
the decision to form dauer larvae primarily in response to dauer pheromones 
[185]. G proteins also have functions independent of their traditional signaling 
roles. For example, Gα proteins odr-3 loss-of-function mutants and gpa-3 gain-of-
function transgenes disrupt the morphogenesis of their associated sensory cilia 
[184,185]. There are two general classes of dauer formation mutants: dauer 
formation constitutive (Daf-c) mutants, which inappropriately form dauer larvae 
under favorable conditions and dauer formation defective (Daf-d) mutants, which 
fail to form dauer larvae under dauer-inducing conditions. 
Dauer pheromone and environmental stressors that induce dauer state are 
sensed by specialized amphid sensory neurons in the head of the animal [165]. 
In order to induce the organism-wide morphological and metabolic changes in 
dauers, these neurons must communicate their acquired environmental 
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information about the environment to other tissues. Insulin/insulin-like growth 
factor (IGF) and transforming growth factor-β (TGF-β) signaling pathways are the 
two major neuroendocrine pathways that facilitate physiological changes in dauer 
[186,187]. When hormone levels are high in both pathways, animals proceed 
with reproductive development. If either hormone is low, the dauer state is 
promoted. 
ASI amphid sensory neurons express the TGF-β-related hormone, DAF-7. 
Mutations in the daf-7 (dauer formation-7) gene induce mutant animals to enter 
dauer constitutively in otherwise favorable environments [187].  daf-7 transcription 
is inhibited by dauer cues such as pheromone and high temperature [167,187]. 
DAF-7 binds to widely expressed DAF-1 and DAF-4 receptors [188,189]. 
Likewise, one of the insulin/IGF-like peptides, DAF-28, is expressed in the ASI 
and ASJ amphid sensory neurons. daf-28 transcription in these sensory neurons 
is regulated by environmental cues that normally trigger dauer arrest [183]. DAF-
28 and other potential insulin-like peptides signal through broadly expressed 
insulin receptor tyrosine kinase DAF-2, which in turn inhibits the downstream 
Forkhead transcription factor DAF-16 to inhibit dauer entry [186,190,191]. 
Altogether, sensory neurons communicate information about the environment 
systemically through both TGF-β/DAF-7 and insulin/DAF-28 neuroendocrine 
pathways to affect dauer development. 
Both TGF-β/DAF-7 and insulin/DAF-28 neuroendocrine pathways converge 
onto the nuclear hormone receptor DAF-12. daf-12 is widely expressed in most 
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cells of the animal  [192] and loss of function mutations in daf-12 cause a Daf-d 
phenotype [193,194]. Both TGF-β/DAF-7 and insulin/DAF-28 pathways signal 
downstream cells to synthesize DAF-12 ligand, dafachronic acid steroid 
hormones, which act systemically on all DAF-12 expressing cells [195]. Under 
favorable conditions, DAF-12 is bound to its ligand to induce normal 
development. However, in unfavorable environments, dafachronic acid synthesis 
is reduced due to decreased TGF-β/DAF-7 and insulin/DAF-28 signaling, and the 
unbound DAF-12 receptor promotes gene transcription for dauer development 
[196]. 
Once dauer larvae encounter favorable conditions that are more conducive 
to growth, animals are able to exit the dauer state and develop into fertile adults. 
Recovery from dauer state can be promoted by food signals derived from 
bacteria [197]. Compared to dauer entry cues, little is known about the exact 
chemical nature of the food signal that promotes dauer recovery. 
The typical bacterial strain used as a food source for C. elegans in the 
laboratories is E. coli OP50. During the exponential growth phase of E. coli, the 
majority of bacterial fatty acids are either saturated or monounsaturated [198]. 
However, when bacteria enter stationary phase, they induce the enzyme 
cyclopropane fatty acyl phospholipid synthase (cfa), which catalyzes the 
formation of cyclopropane fatty acids (CFA) from monounsaturated fatty acids 
(MUFA) [198]. Worms under standard culture conditions ingest a significant 
amount of CFA [199]. 
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Recent study showed in the presence of cfa mutant E. coli K12 strain, which 
fails to synthesize CFA during stationary phase, the recovery from dauer state 
increased [200,201]. This enhancement in dauer recovery was related to the 
corresponding increase in MUFA, not CFA, in these bacteria [201]. In addition, 
exposure to exogenous saturated and monounsaturated fatty acids without 
bacteria increased dauer recovery [201]. This implies that the dauer animals are 
sensing the fatty acids and not other metabolites produced by the bacteria [201].  
In genetically ablated ASJ animals, dauer recovery in response to fatty 
acids was absent. This suggests that dauer recovery in response to fatty acids is 
likely to be mediated by ASJ sensory neuron [201]. Furthermore, this dauer 
recovery regulated in part by guanylate cyclase daf-11 and the insulin peptide 
ins-6 [201]. daf-11 is expressed in a subset of sensory neurons, including ASJ, 
and acts to integrate environmental chemosensory inputs into the TGF-β/DAF-7 
and insulin/DAF-28 signaling pathways [183,202]. Activation of DAF-11 
stimulates cGMP production and promotes INS-6 secretion from the ASJ sensory 
neuron through the insulin receptor DAF-2 to enhance dauer recovery [201,203]. 
daf-11 functions downstream of chemosensory GPCRs [203] and MUFA-induced 
dauer recovery requires daf-11 [201]. These results suggest that an unknown 
chemosensory GPCR detects fatty acids from the bacteria to signal its 
downstream G-proteins to influence DAF-11 activity. This model presents the 
possibility that dauer larvae can sense the nutritional content of their food source 
to adjust their recovery accordingly [201].  
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1.7  Environmental stressors promote nervous system remodeling in 
dauer larvae 
Dauer state induces morphological alterations in many organs including the 
amphid sensilla and inner labial sensilla. Electron microscope (EM) 
reconstructions of the amphid sensory endings at the nose tip reveal four out of 
twelve bilateral neuron pairs and both AMsh glia are remodeled in dauer larvae 
[204]. In dauer animals, the two single-ciliated ASG and ASI neurons are 
shortened and displaced posteriorly in the amphid channel. In comparison, AFD 
and AWC neurons show changes in their morphology. In dauer animals, the AFD 
dendrites increase in the number of microvillar extensions compared to non-
dauer animals. AWC neurons and AMsh glial cells exhibit the most dramatic 
changes in dauer animals. Under normal conditions, the sensory receptive 
endings of the bilateral AWC sensory neurons are individually ensheathed by 
processes of adjacent AMsh glial cells (Fig. 1-3 b). Upon dauer entry, the 
bilateral AMsh glia membranes surrounding the AWC neurons fuse around 50% 
of the time, connecting the two glial cells and allowing AWC neuron receptive 
endings to expand and overlap (Fig. 1-3 c) [204]. EM analysis of 2-day post-
dauer animals demonstrates these animals maintained glial fusion (Carl Procko, 
unpublished). Dauer remodeling induces a permanent change in AMsh glia 
architecture but the functional consequences of this change remains to be 
explored. 
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Figure 1-3. AWC neuron receptive endings and AMsh glia remodel in 
dauer larvae. (A) Diagram of the head of the worm, showing the two bilateral 
AMsh glia (green) and AWC sensory neurons (red); see also Figure 1-1. The 
horizontal line at the nose tip indicates the position of the transverse sections 
shown in (B&C). (B&C) Cross-section diagrams through the tip of the nose 
indicating the positioning of the AWC neuron receptive endings and the 
ensheathing AMsh glia in non-dauer (B) and dauer (C) animals. (Left (L) and right 
(R)). AMsh glia fusion may occur on either the ventral or dorsal side or both. 
Adapted from Albert and Riddle, 1983; Ward et al., 1998 [204,205]. Not to scale.  
From previous studies in our lab, we identified several AMsh glia proteins 
required for amphid glial remodeling. These include the cell fusion protein AFF-1, 
a vascular endothelial growth factor receptor (VEGFR)-related protein, VER-1, 
the Otd/Otx transcription factor TTX-1, and the zinc-finger transcription factor 
ZTF-16 [206,207]. ver-1 expression in AMsh glia is induced by dauer entry or by 
cultivation at high temperature and requires direct binding of TTX-1 to ver-1 
regulatory sequences [206]. Fluorescent assay and EM serial analysis confirmed 
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either ttx-1(p767) or ztf-16(ns171) mutations in dauer-constitutive daf-7(e1372) 
temperature-sensitive mutation background failed to induce AMsh glial fusion 
upon dauer entry [206,207]. However, AWC dendritic expansion was inhibited in 
only ztf-16(ns171) mutant, showing that the AMsh glial fusion and AWC dendritic 
expansion can be uncoupled [206,207]. We confirmed that AMsh glial fusion can 
still occur when AWC neurons are ablated, further showing the AMsh glia can 
remodel independently of AWC receptive ending growth [206]. 
In addition to amphid remodeling, the inner labial sensilla also undergo 
drastic remodeling in all dauer animals. EM image analyses demonstrate IL2 cilia 
are approximately two-thirds shorter during dauer than nondauer and no longer 
extend through the opening of the inner-labial pore [204]. In addition, the four 
dorsal and ventral IL2 neurons undergo dendrite arborization during dauer 
formation [208]. In comparison, the two lateral IL2 neurons branch only once at 
the distal end of the dendrite during dauer. IL2 arborization is regulated by the 
proprotein convertase KPC-1 and the POU homeodomain transcription factor 
UNC-86 [208]. The IL2s are required for nictation behavior in dauer animals 
[179]. While IL2-specific rescue of kpc-1 mutants rescues nictation defects, 
further studies are needed to understand how IL2 arbors regulate nictation [208]. 
Unlike the amphid remodeling, the IL2 remodeling is almost fully reversed upon 
dauer recover. 
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1.8  What are the physiological consequences of amphid 
remodeling? 
Why do the amphid structures remodel in dauer animals? The purpose of 
stress-induced amphid remodeling in C. elegans has not been ascertained. It 
may be that dauer remodeling is a passive outcome of the radial shrinkage of the 
body, bringing the glia and sensory neurons close in proximity [204]. 
Alternatively, morphological remodeling of both AMsh glia and AWC neurons 
may have functional consequences such as altered sensitivity to food or other 
signals indicating favorable environmental conditions and the opportunity to exit 
dauer for reproduction. 
In line with this hypothesis, dauer animal exhibit an altered repertoire of 
odorant receptors in a given sensory neuron [209]. Moreover, previous studies 
suggest AMsh glia have a sensory function to detect changes in its extracellular 
environment that affect the behavior of the worm [36]. In addition, mutants with 
defective AMsh glial fusion (ttx-1(p767); daf-7(e1372)) exit dauer prematurely 
compared to daf-7(e1372) single mutants [206,210]. This suggests the structure 
of the amphid sensory organ may be important for modulating the perception of 
dauer exit signals. 
Intriguingly permanent changes in the AMsh glial morphology in post-dauer 
animals may suggest that post-dauer animals retain memory of some past 
experiences (Carl Procko; unpublished). A previous study reported differences in 
the expression profiles of post-dauer animals and animals that did not pass 
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through dauer [211]. In addition, post-dauer animals have been shown to have 
longer life spans and larger pools of offspring [211]. It remains unclear if the 
permanent changes in amphid structure have functional relevance post-dauer. 
In my thesis, I aimed to understand how organisms adapt to unfavorable 
condition. Dauer-induced amphid remodeling in C. elegans offers a unique 
opportunity to study nervous system plasticity for several compelling reasons. 
First, amphid remodeling in dauer is both inducible and reproducible. In addition, 
C. elegans have facile genetics and molecular biology, making them a prime 
candidate for study. Here, I set out to identify molecular mechanisms governing 
stress-induced glial remodeling in C. elegans and to investigate the 
developmental consequences of this plasticity. I will describe a novel gene 
important for regulating stress-induced glial remodeling. In addition, I will explore 
a potential functional consequence of this remodeling that mediates proper 
adaption to the changing environment. 
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2  F47D2.11 GPCR regulates ver-1 induction and dauer-
induced amphid remodeling 
2.1  Introduction  
 In response to environmental stressors, the nematode C. elegans become 
developmentally arrested dauer larvae. Stress-induced dauer entry promotes 
drastic morphological changes including remodeling of the bilateral amphid 
sensory organs in the head of the animal (Fig. 1-1). However, the underlying 
mechanisms controlling dauer remodeling are mostly unknown because there are 
no high-throughput assays available to study this process directly. Changes in 
the remodeling structures are smaller than the resolution limit of current 
fluorescence microscopes and screening for mutants defective in glial fusion by 
electron microscopy (EM) is time consuming.  
Previous work in our lab and others has established that dauer-dependent 
remodeling requires the transmembrane receptor tyrosine kinase, ver-1, whose 
expression in the AMsh and PHsh glia is induced by entry into the dauer state as 
well as by exposure to environmental stressors such as high temperature (Fig. 2-
1) [206]. Therefore, ver-1 expression in AMsh glia following exposure to high 
temperature can be used as a proxy to study dauer-induced remodeling. This 
fluorescent reporter yields an easier and more high-throughput screening to 
indirectly identify dauer-remodeling defective mutants. To study how glial 
remodeling is regulated, Carl Procko (previous graduate student in the lab) 
performed a forward genetic screen using transgenic animals (nsIs22) in which a
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Figure 2-1. Temperature- and dauer-induced expression of Pver-
1 ::GFP in wild-type sheath glia. (A-C) Representative fluorescence 
images and DIC and fluorescence merged images of Pver-1::GFP (nsIs22) 
expression in one of the two AMsh glial cells of wild-type adults cultivated at 25°C 
(A) and 15°C (C) and a wild-type dauer induced by starvation at 25°C (B). 
Exposure time 800ms. Scale bar, 50 μm. Anterior is up. Reprinted from Procko et 
al., 2011, 2012 [206,207]. (D) Histogram of Pver-1::GFP (nsIs22) expression in 
AMsh (black) and PHsh glia (grey) in wild-type animals at 25°C and 15°C . 
Animals were screened at young adult and dauer state. Number of animals 



























ver-1 promoter element drives green fluorescent protein (GFP) transgene 
expression (Pver-1::GFP) to identify mutant animals defective in GFP induction at 
high temperature. Wild-type animals carrying a Pver-1::GFP transgene were 
mutagenized with ethyl methanesulfonate (EMS) and screened for adult F2 
animals grown at high temperature (25°C) (see Chapter 6). More than 35,000 F2 
animals were screened, and a total of 21 independent mutant alleles were 
isolated with reduced GFP expression in the AMsh glia at 25°C [206,207]. From 
this screen and other assays, we identified several AMsh glia proteins required 
for dauer-remodeling. These include cell fusion protein AFF-1, a VEGFR-related 
protein, VER-1, the Otd/Otx transcription factor TTX-1, and the zinc-finger 
transcription factor ZTF-16. ver-1 expression in the glia requires direct binding of 
TTX-1 to ver-1 regulatory sequences. These glial proteins are required for AMsh 
glial and associated AWC sensory neuronal remodeling in dauer animals 
[206,207]. To date, all mutants that have been characterized from this screen 
also show defective dauer remodeling [206,207]. 
2.2  ns250  mutation impairs Pver-1 ::GFP expression at high 
temperature and upon dauer entry 
In my thesis work, I set out to further characterize the molecular 
mechanisms governing dauer-induced remodeling and to investigate the 
physiological purpose of this plasticity by focusing on the remaining 
uncharacterized mutants from Carl’s initial screen. I found an interesting mutant 
ns250 which fails to turn on Pver-1::GFP transgene expression at high 
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temperature and in dauer state. To eliminate background mutations, I 
backcrossed the ns250 mutant to N2 wild-type animals three times. ns250 
mutation continued to impair GFP induction in the AMsh glia after backcrossing. 
To identify the causal gene, I mapped the ns250 mutation using single nucleotide 
polymorphism (SNP) mapping techniques against the polymorphic Hawaiian 
strain background [212]. I was able to map the ns250 mutation to a 5 M.U. 
interval on chromosome V and isolated 6 candidate genes in this region by 
comparing whole genome sequencing (WGS) data of ns250 mutant to the wild 
type N2 reference genome. To make sure ns250 was not a redundant mutation in 
one of the previously characterized genes from the Pver-1::GFP off genetic 
screen (such as ttx-1, ztf-16, aff-1, etc.), I verified that ns250 animals do not 
harbor any mutations in these genes. 
To identify the causal mutation, I targeted individual knockdown of these 
candidate genes using RNAi in nsIs22 background (see Chapter 6) [213]. 
Standard RNAi libraries (Ahringer and Vidal labs) had RNAi-targeting probes for 
5 out of 6 candidates. While control RNAi plasmids (GFP and lethal) worked 
efficiently, demonstrating that RNAi works well in my experiments, the 5 
candidate probes failed to repress Pver-1::GFP expression. While this result 
could be explained by insufficient knockdown of the target genes, it suggested 
that the remaining candidate gene, F47D2.11, may be the cause of the 
phenotype. 
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Next, I proceeded to analyze the remaining candidate gene. F47D2.11 
gene is a predicted serpentine receptor class z (Srz) G-protein coupled receptor 
(GPCR). Little is known about this family of receptors. There are no known 
mammalian homologs based on sequence alignment, but several Srz GPCR 
orthologs exist in other nematode species. WGS data reveal ns250 allele as a 
point mutation (Gà A) at the start of the C’ tail of F47D2.11 GPCR, which alters 
the negatively charged glutamic acid to a positively charged lysine on the 278th 
amino acid (E278K) (Fig. 2-2 a, b). 
The ns250 mutation has variable effects on the Pver-1::GFP expression, 
depending on the animal’s environment. In Figure 2-3, I characterized and 
compared the Pver-1::GFP expression pattern in the AMsh and PHsh glia 
between nsIs22 wild type and ns250 animals under various growth conditions. 
For both strains, the developmental stage does not affect the Pver-1::GFP 
expression pattern at all tested temperatures. Therefore, I selected and scored 
young adult (YA) stage animals to facilitate easier screening. YA animals were 
cultured at the respective temperature for at least two generations without 
starvation while dauer larvae were induced by starvation at respective 
temperature before screening (see Chapter 6). 
In nsIs22 control animals, ~100% of the animals grown at 25°C show 
strong induction of Pver-1::GFP expression in both AMsh and PHsh glia. At 20°C, 
AMsh glial expression is not induced but GFP is fully expressed in the PHsh glia. 
At 15°C, AMsh glial expression continues to be off while GFP expression in the 
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Figure 2-2. 	F47D2.11  gene organization and protein sequence and 
structure. (A) Schematic of the F47D2.11 gene: exons are represented by 
boxes. Scale length 100bp. (B) Two dimensional schematic of predicted 
F47D2.11 GPCR structure set in a lipid bilayer. The seven transmembrane 
spanning domains are labeled by numbers. ns250 point mutation labeled in 
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Figure 2-3. Temperature- and dauer-induced expression of Pver-1 ::GFP in wild-type and ns250 mutant 
animals. Histogram depicting the percentage of Pver-1::GFP (nsIs22) expression in AMsh (black) and PHsh glia (grey) 
of the indicated genotype and temperature. Animals were screed as young adults or starvation-induced dauers. n.s. 
p>0.05, ****, p<0.0001, Fisher’s exact test. Number of animals scored inside bars. 
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PHsh glia is reduced to 20%. In comparison, ns250 point mutation completely 
fails to induce GFP expression in the AMsh glia at 25°C. At 20°C and 15°C, GFP 
expression remained off in ns250 mutants. As for the PHsh glia, GFP induction is 
slightly impaired to 80% on at 25°C. At 15°C this impairment in the PHsh is more 
pronounced (40% on). Interestingly, PHsh GFP remains high in ns250 mutant 
animals grown at 20°C. In all wild type dauer larvae, dauer entry by starvation 
induces AMsh and PHsh glial expression regardless of the cultivation 
temperature. In ns250 dauer mutants, GFP fails to be expressed only in the 
AMsh glia at all tested temperatures. However, this impairment is weaker 
compared to ns250 YA raised at 25°C. Because GFP induction failure is more 
pronounced in AMsh glia compared to PHsh in ns250 mutant, I focus on AMsh 
glia from this point onwards. In summary, the ns250 mutant animals fail to induce 
Pver-1::GFP expression in AMsh glia both at high temperatures and upon dauer 
entry. 
To test if ns250 is a loss-of-function allele, I looked for other mutants in 
F47D2.11 gene. There were none available so I made F47D2.11 mutants using 
CRISPR (Chapter 6). I generated several targeted F47D2.11 gene deletions in 
the nsIs22 reporter animals using CRISPR to generate predicted loss-of-function 
mutations (Fig. 2-4 a). First, I made three different lines of partial deletion 
mutants by excising out the 4th transmembrane domain of the GPCR (ns843, 
ns844, and ns845 alleles). Interestingly, these partial deletion mutants showed 
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Figure 2-4. F47D2.11 mutant alleles differential ly regulate Pver-
1 ::GFP expression. (A) Schematic of the F47D2.11 gene: exons are 
represented by boxes. ns250 mutant allele isolated from our screen is shown 
with the corresponding nucleic acid change. CRISPR-induced mutant alleles are 
also marked with corresponding nucleic change and deletions. 4TM is deletion of 
the entire 4th transmembrane sequence of the GPCR. Scale length 100bp. (B-C) 
Histogram of Pver-1::GFP expression in the strains of the indicated genotype at 
high temperature (B) or dauer larvae (C). F47D2.11 deletion alleles did not alter 
ver-1 expression at high temperature or in dauer state. (D-E) As is in (B). 
F47D2.11(E278K) alleles failed to induce ver-1 expression at high temperature 
(D) and dauer larvae (E) n.s. p>0.05, ****, p<0.0001, Fisher’s exact test. Number 
of animals scored inside bars.  
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wild type Pver-1::GFP expression pattern in the AMsh glia at 25°C and dauer 
state (Fig. 2-4 b, c). Similarly, introducing an early stop codon mutation in the 
nsIs22 reporter animals using CRISPR (ns841 and ns842) did not affect the GFP 
expression in the AMsh glia at high temperature and upon dauer entry (Fig. 2-4 
b,c). The difference between F47D2.11 deletion alleles and ns250 mutant 
suggests that ns250 could be a gain-of-function allele. It is all exactly as 
expected for gain-of-function allele that either activates F47D2.11 or actively 
inhibit another gene. Another explanation is that perhaps F47D2.11 is not the 
causal gene and might have been incorrectly mapped, raising the possibility that 
there may be a linked causal mutation close by F47D2.11 gene that regulates the 
expression of Pver-1::GFP expression instead. However, if F47D2.11 is the 
correct candidate, this would suggest ns250 may be a gain-of-function allele. 
To confirm that ns250 is the causal mutation, I introduced the ns250 
mutation (E278K) into the genome of nsIs22 reporter animals using CRISPR 
(ns820 and ns821). Interestingly, both CRISPR-induced E278K alleles fail to 
induce Pver-1::GFP expression at high temperature and dauer entry (Fig. 2-4 d, 
e). This result confirms that the E278K mutation gives rise to the mutant 
phenotype. 
Next, I tested for transgene rescue. Restoring wild type F47D2.11 
expression rescued the ns250 defect. Injecting fosmids WRM0612aF01 and 
WRM0638cF08, which include the F47D2.11 gene region, could independently 























































































































































































































































































































































































































Line 2 Line 3 Line 1 Line 2 Line 3 Line 1
ns250
Line 2 Line 3  1      2      3
Rescue:
**** **** **** **** **** ****n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.******** **** n.s.n.s.n.s.
####
111 153 105 100 105 105 304 101 100 100 100 10049100100 100100100100 100 77 61 93 50
45 
smaller genomic fragment with F47D2.11 alone was also sufficient to rescue the 
ns250 phenotype (Fig. 2-5). Three independent lines were observed to rescue 
the phenotype for each rescue constructs. Rescue data confirmed F47D2.11 as 
the causal gene, eliminating the possibility of a linked causal gene. These results 
strongly support the identification of F47D2.11 as the affected gene. However, it 
is still unclear whether ns250 is a gain- or loss-of-function allele. 
In the various rescue strains in Figure 2-5, GFP was never fully restored to 
100% wild type level. This suggested maybe ns250 allele has a semi-dominant 
nature that inhibits the normal function of wild type F47D2.11 GPCR. To further 
characterize the genetic trait of ns250 mutation, I conducted a dominance test 
(see Chapter 6). First, I backcrossed ns250 mutant to its parental nsIs22 strain, 
which also express a co-injection marker (Pcelo::RFP= coelomocyte promoter 
element driving red fluorescent protein transgene) to track the F1 cross-
progenies. I picked red YA heterozygote progeny under the dissecting scope and 
scored for GFP fluorescence in the AMsh glia at 25°C. At 20°C and 15°C, Pver-
1::GFP expression is turned off in the control nsIs22 animals (Fig. 2-3), therefore 
not suitable conditions for this dominance test. The hermaphrodite heterozygote 
cross progeny had significant impairment in GFP induction compared to the 
control at 25°C, suggesting ns250 is a semi-dominant mutation (Fig. 2-6). During 
the scoring, I noticed that the male heterozygote cross-progeny also had similar 
GFP expression level as the hermaphrodite equivalent. Interestingly, ns250 
mutants showed differences in ver-1 expression pattern between the sexes at 
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high temperature. While GFP induction completely fails in hermaphrodites 
mutants, there is a weaker impairment (34% on) in the male mutant counterparts 
(Fig. 2-6). At all other temperatures, there were no significant differences in GFP 
expression between ns250 mutant hermaphrodites and males (not shown). The 
heterozygote male cross-progeny also showed significant impairment in GFP 
expression compared to the control males cultivated at 25°C (Fig. 2-6). 
Figure 2-6 The ns250  mutation has semi-dominant effect on Pver-
1 ::GFP expression. Histogram of Pver-1::GFP expression in the F1 cross 
progeny of ns250 dominance test cross at 25°C. Both hermaphrodite and male 
heterozygotes (ns250/+) show significant suppression of GFP expression. 
Animals screened as young adults. **, p<0.01, ***, p<0.001, ****, p<0.0001, 
Fisher’s exact test. Number of animals scored inside bars.  
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Therefore, ns250 mutation has a semi-dominant effect on Pver-1::GFP 
expression in both sexes. It was challenging to induce F1 cross-progeny into 
dauer state by starvation before the birth the F2 progeny. Due to mixed 
population, I was unable to test for dominance in dauer larvae. 
In conclusion, I identified a novel gene F47D2.11 as a new regulator of the 
ver-1 transcriptional network. F47D2.11(ns250) fails to induce Pver-1::GFP 
expression in the AMsh glia in response to environmental stressors such as high 
temperature and upon dauer entry. ns250 allele is likely a semi-dominant 
mutation at 25°C, but it remains unclear how ns250 allele regulates ver-1 
induction. 
2.3  F47D2.11  gene regulates dauer-induced amphid remodeling 
Previous work in our lab showed ver-1 expression was important for regulating 
AMsh glial remodeling in the dauer state [206]. Since F47D2.11(ns250) regulates 
ver-1 expression in response to high temperature and upon dauer entry, I 
wondered if the ns250 mutation could also affect stress-induced AMsh glial 
remodeling. To monitor AMsh glial cell fusion, I performed cytoplasmic mixing 
assay to monitor AMsh glial cell fusion using fluorescence (Fig. 2-7) (see Chapter 
6) [206,207]. In this assay, first-stage (L1) daf-7(e1372) larvae expressing an
AMsh glia::GFP reporter from an unstable extrachromosomal array (nsEx1391, 
F16F9.3 promoter::GFP) were selected for mosaic expression of GFP in only one 
of the two glial cells. These animals were then cultivated for more than 48 h at 
25°C, which induces dauer entry due to the daf-7(e1372) temperature-sensitive 
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mutation. The presence of GFP in both glial cells in dauers was taken as 
evidence of cytoplasmic mixing between the cells, indicative of cell fusion (Fig. 2-
7). Previous reports from our lab also demonstrated that daf-7(e1372) mutation 
did not change the glial remodeling rate compared to the wild type dauer animals 
induced by starvation and other natural stressors [206,207]. 
Figure 2-7 Scoring AMsh glia fusion by cytoplasmic mixing assay. 
Animals chimerically express an AMsh::GFP reporter from an unstable 
extrachromosomal array (nsEx1391). First-stage mosaic larvae expressing GFP 
in one of the two AMsh glia were picked and cultivated for 48 h at 25°C, which 
induces dauer entry due to the dauer-constitutive daf-7(e1372) temperature-
sensitive mutation. If the left and right AMsh do not fuse at the nose tip, the 
animals continue to express GFP in only one of the two AMsh glia. If AMsh glia 
undergo fusion, cytoplasmic mixing occurs and animals express GFP in both 
cells. Examples of daf-7(e1372) dauers with and without fusion are shown. Scale 
bar, 20 μm. Anterior is up. Adapted from Procko, et al. 2011 [206].  
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Using this fluorescence assay, AMsh glia fusion was never observed in 
wild-type, non-dauer adult animals, whereas 46% of animals induced to enter 
dauer by the daf-7(e1372) mutation had fused AMsh glia (Fig. 2-8 a-c). The 46% 
wild type glial fusion rate is consistent with the expected rate of 51% previously 
reported [206,207]. Moreover, electron microscopy (EM) was used to directly 
evaluate AMsh glial fusion for some of these animals. EM serial reconstructions 
demonstrated that glia are unfused in dauer animals expressing GFP in only one 
AMsh glial cell (n=3), whereas dauers expressing GFP in both AMsh glia have 
fused glia (n=2), confirming that the presence of GFP in both glial cells is a good 
readout for cell fusion. 
Next, I analyzed the effects of F47D2.11 gene on glial remodeling. As 
shown in Figure 2-8a, AMsh glia fusion failed in the following mutant dauer 
animals (each in a daf-7(e1327) background to induce dauer entry): 1) 
F47D2.11(ns250), 2) CRISPR-induced E278K mutant ns820, and 3) CRISPR-
induced E278K mutant ns821. EM serial reconstructions of these mutants further 
confirmed that AMsh glial cells remain unfused (Fig. 2-8 d-e; n=8). Thus, 
F47D2.11 is likely to be a component of the glial remodeling machinery. 
I have described above that unlike ns250 mutation, F47D2.11 loss-of-
function mutations did not exhibit defects in Pver-1::GFP expression at high 
temperature or in the dauer state. Therefore, I expected these loss-of-function 











































































































































































































































































































































































































































































To my surprise, both the premature stop-codon and the 4th TM deletion mutations 
failed in AMsh glial cell fusion like ns250 mutants (Fig. 2-8 a, f). These results 
suggest that F47D2.11 differentially regulates Pver-1::GFP expression and dauer 
remodeling. 
Environmental stress induces both AMsh glial fusion as well as AWC wing 
expansion. Previous reports have shown that both ttx-1(p767) and ztf-16(ns171) 
dauer mutants failed to induce AMsh glial cell fusion [206,207]. However, only ztf-
16(ns171) mutants showed impaired AWC remodeling (reprinted in Fig. 2-8 g) 
[207]. In comparison, ttx-1(p767) mutants maintained normal AWC wing 
expansion, forming a distinctive dendritic whorl in the unfused glial cell 
compartments (reprinted in Fig. 2-8 h) [206]. The mechanism for AWC 
remodeling is unknown at this time. To test if F47D2.11 regulates AWC 
remodeling, I examined F47D2.11 mutant dauer animals by EM serial 
reconstructions for AWC dendritic expansion. Using daf-7(e1372) temperature-
sensitive mutation background, I first induced dauer by cultivating at high 
temperature. Then, I selected for dauer animals with or without AMsh 
remodeling, based on the cytoplasmic mixing assay, and looked at the EM serial 
reconstructions of selected dauer animals. EM image analysis of both 
F47D2.11(ns250) and F47D2.11(ns841) dauer mutants in daf-7(e1372) 
background failed to induce AWC dendritic whorl in the unfused AMsh glial cell 
compartments (Fig. 2-8 d, f). However, the AWC wing does not look as short and 
constricted as the ztf-16(ns171) mutant’s unexpanded AWC wings (Fig. 2-8 g). 
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This suggests ns250 and ns841 induce an intermediate AWC expansion defect. 
Because both cytoplasmic mixing assay and EM analysis are low-throughput and 
time-consuming, I have only confirmed EM analysis for two ns250 dauer animals 
and one ns841 dauer animal. More EM analysis is needed for further studies. So 
far, current results suggest F47D2.11 gene may also function to regulate dauer-
induced AWC remodeling. 
To aid in faster AWC remodeling analysis, I attempted to use an AWC 
fluorescent reporter to track the dendritic wing expansion. Based on the EM 
images of wild type, non-dauer animals, there is a clear separation of space 
(around 80-120nm) between where the left and the right AWC wing terminals 
meet. I set out to use AWC reporter (odr-1 promoter element driving RFP 
transgene expression) to label the unexpanded AWC wings, hoping that I could 
clearly see the wing separation. I decided to use the DeltaVision OMX V4/Blaze 
3D-SIM super-resolution microscope, which had the highest image resolution of 
100nm. Unfortunately, I was unable to differentiate the space between the wings 
due to resolution limitation. 
Environmental stressors initiate other forms of remodeling in the C. 
elegans nervous system (see Chapter 1). To determine whether F47D2.11 
regulates other remodeling events that take place in dauers, I examined IL2 
sensory neurons, which exhibit extensive dauer-dependent dendritic arborization 
[208]. Using an IL2 specific promoter (PF28A12.3) driving membrane-targeting 
myristolated-GFP (myr-GFP) transgene in the daf-7(e1372) background with 
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either wild type or ns250 point mutation in F47D2.11 gene, I screened these 
dauer animals cultivated at high temperature for IL2 remodeling under the 
compound microscope. In all wild type dauer larvae (PF28A12.3::myr-GFP; daf-
7(e1372)), IL2 neurons arborized their dendrites (Fig. 2-9 a; n=99). Similarly, 
98% of ns250 dauer mutants (PF28A12.3::myr-GFP; daf-7(e1372); 
F47D2.11(ns250)) arborized their IL2 dendrites (Fig. 2-9 b; n=95). ns250 mutants 
showed no defects in dauer-induced IL2 remodeling, suggesting that F47D2.11 
may function specifically in dauer-induced amphid sensory organ remodeling.
Figure 2-9. F47D2.11(ns250) has no effect on IL2 arborization. IL2 
dendritic arborization in wild type (A) and ns250 mutant (B) marked by 
PF28A12.3::myr-GFP in daf-7(e1372) background strain. Dauer induced by 




2.4  Conclusion 
In summary, I isolated a novel GPCR gene, F47D2.11, that functions in the 
ver-1 transcription network and dauer-remodeling pathway. I have characterized 
ns250 as the causal mutation which prevents Pver-1::GFP expression in the 
AMsh glia at high temperature and upon dauer entry. It remains unclear how 
F47D2.11(ns250) functions to regulate ver-1 induction and more study is needed. 
However, dominance genetic test does suggest ns250 allele regulate ver-1 
expression in a semi-dominant nature at high temperature. More interestingly, 
F47D2.11(ns250) also fails to induce amphid remodeling in dauer larvae. In the 
next chapter, I will describe studies aimed at determining in which cell types 
F47D2.11 may be expressed and understanding the purpose of stress-induced 
amphid remodeling using behavioral studies. 
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3  F47D2.11 GPCR functions in AMsh glia to regulate ver-
1  induction and dauer exit 
3.1  Pver-1 ::GFP expression is rescued glia-specif ically in ns250  
mutants 
F47D2.11 regulates ver-1 transcription and dauer-remodeling in response 
to environmental changes. The amphid sensory organ is the primary 
chemosensory organ in the worm, which forms a glial channel to the external 
environment that allows some of the amphid sensory dendritic endings to extend 
and detect changes in the environment (Chapter 1, Fig. 1-1). Given that 
F47D2.11 functions in response to environmental stressors to affect amphid glial 
and neuronal morphology, this suggested that F47D2.11 GPCR might be located 
at the tip of the amphid sensory organ, near the external opening. However, it is 
unclear whether F47D2.11 is expressed in the amphid glial cells or the amphid 
sensory neurons or both. 
To determine in which cell type F47D2.11 GPCR functions, I performed cell-
specific rescue experiments aimed at restoring wild type Pver-1::GFP expression 
in ns250 mutant background by expressing F47D2.11 cDNA in specific subset of 
cells. I tested for cell-specific rescue using AMsh glia promoter (F16F9.3) and 
amphid sensory neuronal promoter (dyf-7) to drive F47D2.11 cDNA. I found that 
restoring expression of wild type F47D2.11 in AMsh glia, but not in amphid 
sensory neurons, could restore Pver-1::GFP expression (Fig. 2-5). Three 
independent lines were observed for each rescue construct. The non-transgenic 
58 
siblings for each rescue line served as the controls and all showed no rescue. 
Therefore, these results suggest F47D2.11 functions in AMsh glia to regulate 
Pver-1::GFP induction. 
3.2  F47D2.11 GPCR may function within AMsh glia to regulate 
dauer exit 
The functional outcome of amphid sensory remodeling in dauers remains 
unclear. It is possible that the remodeling of AMsh glia and AWC neuron may be 
a result of radial shrinkage of body circumference, bringing AWC sensory ending 
pair and two AMsh glia closer together, and serve no physiological purpose [204]. 
Alternatively, the AMsh glia and AWC neuron of dauer animals may respond 
differently to their environment, and the remodeling of their morphology may have 
a functional consequence. For example, these amphid cells may have altered 
sensitivity to food and other cues that would signal an improvement in their 
environment and the need to exit dauer to become reproductive adults. 
Consistent with this hypothesis, the repertoire of odorant receptors expressed in 
a given sensory neuron is also altered in dauer animals [209]. To date, no AMsh 
and AWC-mediated behaviors have been described for dauers. It is possible that 
changes in the amphid sensory structures are required to directly modulate the 
perception of dauer exit signals. Consistent with this idea, ttx-1(p767); daf- 
7(e1372) mutants have been reported to exit dauer prematurely compared to daf-
7(e1372) single mutants [210]. However, preliminary work suggests that this 
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effect can be rescued by restoring ttx-1 function to the AFD thermosensory 
neurons and not the glia (Carl Procko, unpublished). 
To examine if dauer-dependent remodeling serves to facilitate exit from the 
dauer stage upon favorable environment, I monitored the rate of dauer exit 
following introduction of food. In dauer state, C. elegans stop feeding and the 
pharyngeal pumping used to rhythmically suck in and trap bacteria is not 
observed [176,214]. The first visible sign of dauer exit is the recovery of 
pharyngeal pumping [204]. One way to measure pharyngeal pumping is to 
screen for pumping movement by eye under a microscope [215]. However, this 
method is time-consuming and low throughput. Therefore, I developed a new 
high-throughput assay to monitor dauer recovery, in which dauer animals are 
exposed to OP50 bacteria expressing GFP. The bacteria serve as both a stimuli 
to induce dauer exit as well as a marker to measure pumping by observing GFP 
accumulation in the pharynx. Animals recovered from dauer state can be easily 
identified by screening for fluorescence in the pharyngeal canal (Fig. 3-1 a). 
Importantly, the initiation of pharyngeal pumping coincides in time with GFP 
accumulation in the pharynx. In dauer state, F47D2.11(ns250) fail to induce 
amphid remodeling but are able to enter and exit out of dauer normally. Using 
both the pumping and OP50-GFP recovery assays, I found that dauer recovery in 
ns250 mutants was significantly delayed compared to the recovery in wild type 
animals. It took 1.4 times longer for both the onset of pharyngeal pumping and 
GFP accumulation in the pharynx to occur in 50% of ns250 mutants than in wild 
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Figure 3-1 OP50-GFP dauer recovery assay. (A) DIC and fluorescence 
images showing OP50-GFP accumulation in the pharynx in a daf-7(e1372) 
animal induced to enter dauer by cultivation at 25°C. Far left image, DIC. The 
fluorescence images are maximum projections of z-stacks of the entire animal 
volume. Arrow marks the accumulation of OP50-GFP in the pharynx. Outline of 
the worm is marked in grey. In all images, above is anterior. Time points in hours 
are indicated. Each image is of different animals. The animal was anesthetized 
using 50 mM NaN3. Scale bar, 10μm. (B) The rates of onset of pharyngeal 
pumping via GFP accumulation in the pharynx at 15°C using OP50-GFP dauer 
recovery assay were plotted for the indicated genotypes as survival from dauer, 
and were compared by log-rank test using GraphPad Prism 6. Black dotted line 
indicates the time-point in which 50% of the given population recovers pumping. 
Compared to wild-type animals, ns250 mutants show around 1.4x delay in the 
onset of pharyngeal pumping recovery in 50% of the animals (p<0.0001). This 
delay is rescued by transgenic expression of F47D2.11 in AMsh glia using 
F16F9.3 promoter but not with its expression in the amphid sensory neurons, 
including AWC, using dyf-7 promoter. Pharynx pumping assay showed similar 























type animals following food exposure, suggesting that amphid remodeling 
facilitate dauer exit. 
Next, I performed cell-specific rescue experiments aimed at restoring dauer 
exit delay in F47D2.11(ns250) animals by restoring wild type F47D2.11 in either 
AMsh glia using F16F9.3 promoter or amphid sensory neurons using dyf-7 
promoter to drive F47D2.11 cDNA. Preliminary results show restoring expression 
of wild type F47D2.11 in AMsh glia, but not in amphid sensory neurons, was 
sufficient to rescue dauer exit delay in ns250 mutant (Fig. 3-1 b), suggesting that 
F47D2.11 function in the AMsh glia to regulate dauer exit. 
3.3  F47D2.11 GPCR likely to be expressed in the AMsh glia 
Next, I set out to identify F47D2.11 expressing cells using predicted F47D2.11 
promoter regions to make fluorescent transgene reporters. Based on the rescue 
results above, it is likely that F47D2.11 is expressed in the AMsh glia. In C. 
elegans, the minimal set of cis-regulatory sequences sufficient to induce proper 
gene expression is usually found within 2 kb upstream of the translational start 
codon and restricted to the non-coding, intergenic region [216]. However, the 
upstream non-coding, intergenic region of F47D2.11 is only 709bp long, raising 
concern that important regulatory elements might be missing. Interestingly, 
F47D2.11 gene includes a long second intron region (815bp), which seemed 
likely to contain regulatory elements to drive proper expression of F47D2.11 gene 
(Fig. 3-2 a). Therefore, I selected F47D2.11 promoter region to start from the 
predicted cis-regulatory motif until the end of the second intron of F47D2.11 gene 
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(~1.8kb). This predicted 1.8kb promoter region, cloned from the fosmid 
WRM0612aF01, was used to drive GFP transgene expression using the 
promoter fusion method to make a transcriptional reporter [217] (see Chapter 6). 
This transcriptional reporter showed strong expression in the PHsh glia at 25°C 
in all larval stages (Fig. 3-2b). I also saw very faint expression in the presumed 
AMsh glia based on cell body morphology and position at 25°C in younger larval 
stages (image not available due to photo-bleaching) [218]. AMsh and PHsh glia 
are usually expressed concomitantly by the same promoters. Based on the 
strong PHsh expression the translational reporter, AMsh glial expression seemed 
promising. 
 In case there were other regulatory elements within the F47D2.11 gene, I 
also made a translational reporter using predicted 2.5kb promoter region that 
spans from the start of F47D2.11 cis-regulatory motif until the end of F47D2.11 
gene to drive GFP transgene expression (Fig. 3-2 a). Predicted 2.5kb promoter 
region was also cloned from the fosmid WRM0612aF01. This GFP translational 
reporter also showed similar pattern as the transcriptional reporter above: strong 
PHsh glia expression and weak AMsh glia expression at high temperature (Fig. 
3-2 b). In both reporters, PHsh glia expression gets weaker at 15°C and 
intermediate expression at 20°C, suggesting F47D2.11 expression may be 
temperature-dependent in the PHsh glia (not shown). Between the translational 
and transcriptional reporter strains, I did not see any noticeable differences in 











































































































































































































































































































































































































































































































































































































































































































































































































also observed in the translational nuclear reporter based on the positioning of 
nuclei expression at all larval stages and dauer state (Fig. 3-2 c). For this nuclear 
reporter, I modified the GFP translational reporter by introducing a trans-splicing 
sequence followed by a nuclear localization sequence (NLS) and RFP transgene 
right after the stop codon of GFP transgene 
(PF47D2.11(2.5kb)::GFP::SL2::NLS::RFP). 
The faint AMsh glial expression may be explained by the absence of crucial 
regulatory elements needed for strong expression. Indeed, in C. elegans, the 
promoter regions important for proper glial expression can be far away from the 
coding region, hence such regions are difficult to predict and identify solely based 
on the genomic sequence. For example, AMsh expressing promoter region for 
ttx-1 gene is 11kb upstream of the gene itself [206]. Instead of searching for the 
missing regulatory elements blindly, I proceeded to insert a fluorescent transgene 
reporter in the wild-type genome using CRISPR, thus utilizing the complete 
endogenous regulatory elements. I inserted the SL2::NLS::RFP transgene after 
the F47D2.11 gene using CRISPR knock-in method [219] (Chapter 6). Although 
PCR analysis confirmed successful insertion, I was not able to detect any 
fluorescent expression under the compound microscope. The signal may be too 
weak to be observed due to the low copy number insertion and the overall weak 
signal emitted by the RFP-tag. 
Rescue data and some of these reporters hint that F47D2.11 is expressed 
in the AMsh glia. To look at the possible sub-cellular localization of F47D2.11 
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GPCR, I used the AMsh-specific promoter element (F16F9.3 promoter) to drive 
the expression of F47D2.11 cDNA followed by mCherry transgene. I observed 
GPCR expression in the subcellular vesicles, mostly in the AMsh cell body, 
excluding the nucleus, and along the anterior processes (Fig. 3-2 d). However, I 
did not see any expression at the tip of the glia at high temperature or upon 
dauer entry. This particular AMsh reporter (F16F9.3 promoter) is known to cause 
weak defects in the sheath morphology, which may hinder proper expression at 
the tip of the cell. Another possibility is that F47D2.11 overexpression may clog 
up the vesicle trafficking machinery. Lastly, F47D2.11 may be transiently 
localized at the tip of the nose, thus capturing it at the right moment might be 
challenging. 
To address some of these technical limitations, I made an endogenous 
translational reporter using CRISPR. Because CRISPR-inserted SL2::NLS::RFP 
transgene expression was too weak, I opted to insert Venus transgene after the 
F47D2.11 gene instead. In the F47D2.11::Venus CRISPR knock-in reporter, I 
saw a consistent but weak Venus expression in two lateral regions at the tip of 
the nose in dauer and non-dauer larvae (Fig. 3-2 e, f). These Venus protein 
accumulations have several lines embedding within the region, which could be 
the amphid dendritic extensions through the AMsh glia as part of the amphid 
channel (Fig. 3-2 e, f). As the protein is only localized at the tip of the nose, and 
not in the cell body, it is difficult to identify the expressing cells with this reporter. 
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3.4  Conclusion 
Altogether, F47D2.11 regulate Pver-1::GFP expression, stress-induced 
amphid remodeling, and dauer recovery rate. ns250 mutation affects all three 
functions and AMsh glial-specific expression of wild type F47D2.11 GPCR 
rescues both the Pver-1::GFP defect and dauer exit delay. Whether glia-specific 
restoration of wild type F47D2.11 could rescue the amphid remodeling is to be 
determined. F47D2.11 is likely localized at the tip of the glial cells to sense the 
external environment in order to initiate properly timed dauer exit. My thesis work 
demonstrates that stress-induced remodeling in the sensory organ has direct 
functional and behavioral consequences, likely to be important for species 
propagation. 
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4  Further studies: 
4.1  Characterization of F47D2.11  expression pattern 
Detailed analysis of the complete expression pattern of F47D2.11 using 
strains PF47D2.11(1.8kb)::GFP transcriptional and PF47D2.11(2.5kb)::GFP 
translational reporters reveals expression in the head muscle, ASI and ASJ and 
sensory neurons. In addition to strong PHsh glial and weak AMsh glial 
expression (see Chapter 3), the transcriptional reporter PF47D2.11(1.8kb)::GFP 
show expression in the head muscle as well as ASJ neurons in all larval stages 
(Fig. 4-1 a) . Similarly, PF47D2.11(2.5kb)::GFP translational reporters also 
showed expression in the head muscle and ASI neuron in all larval stages (Fig. 
4-1 b). In these experiments, ASI and ASJ neuronal identities were confirmed 
using dye-filling assay (see Chapter 6). 
To facilitate characterizing F47D2.11 expression pattern, I made a 
translational reporter, F47D2.11::GFP::SL2::NLS::RFP, to identify both the 
F47D2.11-expressing cells using RFP signal as well as its subcellular localization 
using GFP signal. In addition to the AMsh glial cell expression (see Chapter 3), 
this reporter also showed expression in the ASI and ASJ sensory neurons based 
on cell body expression and DiO co-staining (Fig. 4-1 c). There were GFP 
accumulations at the tips of both ASI and ASJ neurons (Fig. 4-1 c). However, the 
morphology of these structures looked different from the protein accumulations I 
observed using the Venus construct in Chapter 3 (Fig. 3-2 e, f). In the early larval 
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Figure 4-1. Characterization of F47D2.11  expression pattern. (A-D) 
Fluorescence and DIC images of young adult animals (except L2 larva in (D)) 
carrying different transgene reporters. (A) PF47D2.11 (1.8kb)::GFP 
transcriptional reporter labels the head muscle (arrow) and ASJ sensory neurons 
(triangle); confirmed by DiI (not shown) (B) PF47D2.11 (2.5kb)::GFP 
translational reporter labels the head muscle (arrow) and ASI sensory neurons 
(triangle); confirmed by DiI (not shown) (C) PF47D2.11 
(2.5kb)::GFP::SL2::NLS::RFP reporter labels the nucleus of ASI (right, above 
arrow)  and ASJ sensory neurons (right, lower arrow) in red. GFP shows 
accumulation of F47D2.11 GPCR mostly at the cell body, excluding the nucleus, 
along the processes and at the tips. (D) Same reporter as (C). L2 larva shows 
red nuclear labeling in the presumed IL sheath glial cells. Animals cultivated at 












states, I see RFP nuclear expression in the IL sheath (ILsh) glia, based on cell 
body morphology and position (Fig. 4-1 d) [218]. 
ILsh glia are part of the inner labial sensilla and are thought to guide axons 
entering the nerve ring neuropil during development [171,172]. Currently, post-
embryonic function of ILsh glia is still unknown. There has been no report 
suggesting correlation between ILsh glia and the dauer state. ILsh glia are 
associated with IL2 neurons and my studies show IL2 neurons undergo normal 
dauer-induced remodeling in ns250 mutant background (Chapter 2). This 
suggests F47D2.11 GPCR affects remodeling of cilia but not dendrites. 
Interestingly, ASI and ASJ are single ciliated amphid sensory neurons and 
are thought to be important cells for dauer regulation. ASI neurons secrete 
endocrine signals in response to environmental stressors that induce dauer (see 
Chapter 1) [165-167]. Upon dauer entry, ASI neurons are shortened and 
displaced posteriorly in the AMsh glia channel [204]. In addition, ASJ neurons 
regulate both dauer entry and exit [165-167]. F47D2.11 expression in ASI and 
ASJ suggests GPCR may function in these sensory neurons to regulate dauer 
state. One could imagine ASJ neuron regulating dauer exit by recognizing 
favorable environmental cues through F47D2.11 GPCR. It’s also possible that 
ASI neuron function through F47D2.11 GPCR to signal its dauer remodeling, 
increase sensitivity to dauer exit cues in order to signal ASJ for proper dauer exit. 
However, amphid neuronal rescue using dyf-7 promoter did not rescue dauer 
recovery delay. dyf-7 promoter includes expression in ASI and ASJ neurons, 
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which suggests the main site of F47D2.11 action is likely in the AMsh glia. An 
endogenous F47D2.11 reporter with all of its regulatory elements is needed to 
confirm all expression. 
4.2  F47D2.11  overexpression may reveal differential control of ver-
1  expression at high temperature and in dauers 
I found that ectopic expression of F47D2.11 (either WT or ns250 point 
mutation sequence) in the AMsh glia using the specific promoter from the glial 
gene F16F9.3 prevents Pver-1::GFP reporter expression in the AMsh glia 
following cultivation at high temperature in both hermaphrodites and males (Fig. 
4-2) but not in dauer state. While the physiological meaning of this effect is not 
clear, it may suggest that expression of ver-1 in dauers and in response to high 
temperature are differentially controlled. 
4.3  Exogenous F47D2.11  expression in all gl ial cells 
Previous reports have demonstrated ver-1 transcription is upregulated by 
high temperature [206,207]. Likewise, F47D2.11(ns250) prevents ver-1 induction 
at high temperature. Since both F47D2.11 and ver-1 respond to high 
temperature, I was curious to see if this GPCR acts as the thermosensor to 
regulate ver-1 expression. If F47D2.11 is a thermosensor, its expression in any 
given cell would drive ver-1 expression following high-temperature treatment. To 
test this idea, I ectopically expressed F47D2.11 GPCR in either all glial cells 
using pan-glial promoter, mir-228, or in a large subset of glial cell using ptr-10 
promoter, at various concentrations (1ng-70ng) in the Pver-1::GFP reporter 
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Figure 4-2. Ectopic expression of F47D2.11 WT or E278K transgene in the AMsh glia. Histogram of Pver-
1::GFP expression in WT, ns250 mutant and WT animals with either ectopic overexpression of ns250 point mutation 
sequence (E278K) or F47D2.11 WT sequence in the AMsh glia using F16F9.3 promoter. Left graph represents 
hermaphrodites cultivated at 25°C. Similar expression difference is observed in males at 25°C (not shown). Right graph 
represents dauer animals cultivated at 25°C and dauer-induced by starvation. Animals screened as young adults or dauer 
larvae. n.s., p>0.05, ****, p<0.0001, Fisher’s exact test. Number of animals scored inside bars. 
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strain. Upon temperature shift, 15°C to 25°C or vice versa, I did not see ectopic 
GFP expression in any larval stages indicating that F47D2.11 expression alone 
was not sufficient to drive ver-1 transcription. Thus, F47D2.11 is likely to not act 
as a direct thermosensor. 
4.4  Redundant GPCR candidates 
I’ve described in Chapter 2 that while F47D2.11(ns250) failed to induce ver-
1 expression, F47D2.11 deletion mutants were able to induce ver-1 expression 
normally at 25°C. Given that these deletion mutations are presumed null alleles, 
this suggested that there might be a compensatory mechanism to induce ver-1 
expression in response to high temperature. To search for the redundant gene 
that may work in conjunction with F47D2.11 to regulate Pver-1::GFP induction, I 
looked towards other serpentine receptor class z GPCRs. Previous studies have 
shown that in C. elegans, srg-36 and srg-37 serpentine receptor class g GPCRs 
share 49% conserved regions and act redundantly to detect dauer pheromones 
[220]. There were two likely candidates: ZK218.4 and ZC132.9 GPCR paralogs. 
ZK218.4 and ZC132.9 are part of the serpentine receptor class z GPCR family 
and share conserved genetic sequences of 35% and 40% respectively with 
F47D2.11. Based on RNAseq studies, ZK218.4 is enriched in the AMsh glia 
while ZC132.9 is enriched in neurons [221-223]. To test for redundancy, I 
knocked down each of these paralog genes using RNAi in the F47D2.11 null 
deletion background and scored for the absence of GFP signal in animals raised 
at high temperature. While the proper RNAi controls worked (see Chapter 6), 
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single and double knockdown of the paralog genes did not prevent GFP 
expression. While these results could be explained by insufficient knockdown of 
the target genes, it suggested that ZK218.4 and ZC132.9 might not work 
redundantly with F47D2.11 to regulate ver-1 expression. It is still possible that a 
compensatory mechanism exists but requires further analysis. 
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5  Discussion and future directions 
5.1  Discussion: 
During my graduate studies, I sought to understand how organisms adapt 
their fitness in unfavorable conditions in order to survive and maximize 
reproductive success. To study this, I utilized C. elegans because they provide a 
unique system to study nervous system plasticity in an inducible developmental 
state of the animal. C. elegans evolved an alternative developmental state called 
dauer, which allows them to persist under high stress conditions. Dauer entry in 
C. elegans is promoted by high population density, low food abundance and high 
temperature, which initiates a number of morphological changes such as 
thickening of their cuticles, shrinkage of the body circumference, suppression of 
movement and alterations in metabolism [176,177,180]. These morphological 
changes allow increased resistance to environmental challenges [176]. Dauer 
animals also undergo drastic remodeling in the amphid sensory organ, including 
the AMsh glia and AWC neurons, but the physiological purpose of this 
remodeling has been unclear. It is possible that the morphological changes in the 
amphid sensory organ promote changes in the behavior of the animal. For 
example, it would be beneficial for dauer animals to perceive their environment in 
such a way as to effectively locate favorable conditions for exiting dauer and 
reproduce. Alternatively, the remodeling of glia and AWC neurons may be a 
result of radial shrinkage of body circumference and serve no physiological 
purpose [204]. My thesis focused on understanding dauer-induced amphid 
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remodeling regulation and the functional consequences of this plasticity. Through 
my work, I found a novel gene, F47D2.11, which regulates glial plasticity in dauer 
animals. F47D2.11(ns250) mutation prevents AMsh glial fusion as well as delays 
dauer recovery. This suggests F47D2.11 GPCR plays an important role in glial 
plasticity and the change in glial morphology results in behavioral consequences 
that allows for proper adaptation to the changing environment, revealing a 
potential new role for glial remodeling. 
There still remain open questions in understanding F47D2.11 and its 
regulation in dauer remodeling and recovery. Below I will summarize the major 
questions remaining and outline possibilities and prospects for addressing them. 
5.2  Nature of ns250  mutation 
I have described in Chapter 2 that ns250 has a semi-dominant effect on 
Pver-1::GFP expression. Does ns250 mutation also regulate glial remodeling 
semi-dominantly? To test this, I propose using ns250 heterozygotes mutants in 
daf-7(e1372) background with an unstable extrachromosomal array (nsEx1391, 
AMsh glia::GFP) to perform cytoplasmic mixing assay. L1 animals will be 
selected for mosaic expression of GFP in only one glial cell and monitored for 
glial fusion. Each animal will be genotyped at the end of the assay to confirm 
ns250 heterozygote mutation. If heterozygote mutants undergo normal glial 
remodeling, this suggests ns250 is a recessive mutation. If heterozygote mutants 
show defect in glial remodeling, this suggests ns250 is semi-dominant. 
80 
If ns250 has semi-dominant effect on both Pver-1::GFP expression and glial 
remodeling, this suggests ns250 could be one of four allele types: loss-of-
function haploinsufficient, dominant-negative, increased wild type function of the 
gene or gain of new function. To test if ns250 is a loss-of-function 
haploinsufficient allele, I propose to screen for heterozygote F47D2.11 deletion 
animals. If they are all completely wild type, then ns250 cannot be 
haploinsufficient allele. Next, if overexpression of wild type F47D2.11 GPCR 
rescues ns250 mutant defect and the allele is not haploinsufficient, then ns250 is 
likely dominant negative allele. In Figure 2-5, I have described that ns250 defect 
can be rescued by expression of F47D2.11 transgene and cDNA. If ns250 is not 
haploinsufficient, this likely suggests ns250 is a dominant negative allele. 
Overexpression of wild type F47D2.11 in ns250 mutant also tests the last two 
possibilities. If ns250 defect is due to increased wild type function of F47D2.11, 
overexpression of wild type F47D2.11 GPCR would make the phenotype worse. 
If ns250 is a gain of new function allele, wild type F47D2.11 overexpression 
should not have any effect. Another way to test if ns250 allele increases wild type 
function is to overexpress wild type F47D2.11 protein in a wild type background, 
which should cause defect. Finally, if overexpression of mutant ns250 protein in 
wild type animals results in defects, this suggests ns250 is either dominant-
negative or gain of new function allele. 
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5.3  Does F47D2.11 GPCR function as a receptor? 
My study shows that F47D2.11 GPCR can respond to dauer entry and 
high temperature, both exogenous stimuli. How does F47D2.11 GPCR perceive 
environmental stressors to regulate dauer state? One possibility is that F47D2.11 
GPCR directly senses the dauer cues from the environment. F47D2.11 
expression in the AMsh glia, ASI and ASJ sensory neurons, and IL sheath glia 
remains to be determined. Regardless, these four cell types are all exposed to 
the external environment. As a transmembrane receptor, F47D2.11 GPCR could 
function in any of these cells to directly sense some environmental stressors that 
signal dauer state. 
Glia-specific rescue data suggest F47D2.11 GPCR likely functions in the 
AMsh glia. If true, another possibility is that the dauer signals perceived by glia 
may be secondary signals as a result of dauer entry. These signals could be 
derived from neuroendocrine pathways that regulate dauer entry. For example, 
TGF-β/DAF-7 and insulin/DAF-28 signaling from ASI and ASJ neurons may 
regulate F47D2.11 GPCR to induce dauer remodeling. Alternatively, F47D2.11 
GPCR could also respond to dauer-pheromones released by the intestine [224]. 
Another possibility is that F47D2.11 GPCR functions in the ASJ to detect 
fatty acids from E. coli bacteria to signal dauer exit. I have described in Chapter 1 
that dauer recovery is enhanced in the presence of monounsaturated fatty acids 
(MUFA) and this requires guanylate cyclase daf-11 [201]. It is possible that 
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F47D2.11 GPCR could detect the fatty acids in the ASJ sensory neuron to signal 
downstream DAF-11 via G-protein for dauer recovery. 
Interestingly, AMsh glia and ASI neurons undergo dauer-induced 
remodeling [204]. In addition, IL sheath glia are associated with IL2 neurons 
which undergo dendritic arborization in dauer state [208]. In my thesis, I have 
described F47D2.11(ns250) mutation interferes with AMsh glia remodeling but 
has no effect on IL2 neuronal remodeling. I have yet to determine whether 
F47D2.11(ns250) mutation interferes with dauer-induced ASI remodeling. 
F47D2.11 GPCR expression in AMsh glia, ASI sensory neuron, and IL sheath 
glia suggests F47D2.11 GPCR could be a generalized receptor for dauer 
remodeling regulation. It may be that AMsh glia only express F47D2.11 GPCR, 
whereas ASI and ILsh glia express F47D2.11 GPCR as well as other related 
redundant GPCRs. This would suggest mutations in F47D2.11 cause defect in 
AMsh glia remodeling. However, F47D2.11 defect may be compensated by other 
redundant GPCRs in non-AMsh cells. Likely candidates from the serpentine 
receptor class Z GPCR family are ZK218.4 and ZC132.9, paralogs of F47D2.11 
[225]. ZK218.4, ZC132.9, and F47D2.11 all share many conserved amino acid 
regions including E278, the site of ns250 mutation. Perhaps ZK218.4 and 
ZC132.9 are working redundantly with F47D2.11 in both ASI and IL sheath glia to 
regulate dauer remodeling. I propose to do RNAi knockdowns of these paralogs 
to see if dauer-induced remodeling in AMsh glia, ASI, and/or IL2 neurons are 
affected. 
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5.3.1  If F47D2.11 GPCR is a receptor, what are the downstream 
regulators? 
If F47D2.11 GPCR functions as a receptor in dauer signaling, how does it 
regulate the changes in morphology? In the canonical model, GPCR signaling is 
initiated when a ligand-bound receptor activates heterotrimeric G proteins by 
acting as a GEF for the G protein α subunit (Gα), catalyzing the exchange of 
guanosine diphosphate (GDP) for guanosine triphosphate (GTP), and causing 
the release the Gβγ subunits (which form a single unit) (Fig. 5-1). Both GTP-
bound Gα and free Gβγ subunits transduce the signal by engaging intracellular
effector molecules until the GTP is hydrolyzed and the subunits re-associate 
[226]. In addition to activating G proteins, GPCRs can also engage β-arrestin that 
can transmit a signal independently of G proteins [227]. 
As discussed in Chapter 4, the transcriptional readout of ver-1 expression 
(Pver-1::GFP) may not be the best proxy to study dauer remodeling. However, 
this assay is the most convenient and easiest way to screen for mutant alleles at 
this time. Therefore, to identify the downstream effector of F47D2.11 GPCR, I 
suggest doing a candidate RNAi screen using Pver-1::GFP expression as the 
readout. I would target individual downstream candidates, such as G proteins 
and β-arrestins, in nsIs22 background and look for Pver-1::GFP inhibition (see 
Chapter 6) [213]. I would prioritize the following most likely candidates. First, I 
would focus on Gα subunits GPA-2 and GPA-3 that are involved redundantly in 
the dauer decision [185]. Constitutive activation of either protein results in 
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Figure 5-1. Canonical GPCR signaling. Schematic representation of the 
canonical GPCR signaling. Agonist binds to GPCRs and induces a 
conformational change that allows the receptor to act as GEF for the Gα subunit, 
facilitates the exchange of GDP for GTP, triggering release of the complex and 
dissociation of Gα from Gβγ. Both active, GTP-bound Gα and the released Gβγ 
dimer stimulate a number of downstream effectors. Figure adapted from Masuho 
et al., 2015 [230]. 
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constitutive dauer formation [185] while both gpa-2 and gpa-3 loss-of-function 
mutants are partially resistant to dauer entry by pheromone [185,228,229]. I 
would also prioritize G proteins and β-arrestins that are enriched in the AMsh 
glia, based on our lab’s AMsh glia transcriptome data [221]. Although this gene 
expression analysis was performed on AMsh glia in the L4/young adult stage, 
and therefore may not reflect the expression in in dauer larva, enriched 
transcripts may provide some guidance. 
Once a candidate downstream effector protein is identified, I would verify 
its role in dauer remodeling and recovery by cytoplasmic mixing assays, EM and 
OP50-GFP recovery assay described in Chapters 2 and 3 using mutant alleles of 
the candidate protein (see Chapter 6). If mutant alleles are not available, I would 
generate mutants by inducing mutations in the candidate gene using CRISPR 
method (see Chapter 6). To determine if the candidate protein functions in AMsh 
glia to regulate dauer remodeling and exit, I suggest performing cell-specific 
rescue in AMsh glia and test these strains in the assays (see Chapter 6). 
Alternatively, if candidate RNAi approach is not fruitful, I propose to do a forward 
genetic screen using OP50-GFP recovery assay. Cytoplasmic mixing assay and 
EM analysis are not reasonable methods for screening due to low n and low-
throughput nature. Comparatively, OP50-GFP is faster and easier, although still 
low-throughput compared to Pver-1::GFP screen. However, given that OP50-
GFP recovery assay would likely reveal other important genes in dauer 
regulation, this assay may be worth considering. 
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Previous work in our lab identified ttx-1 and ztf-16 transcription factors as 
well as aff-1 fusogen are important regulators of dauer remodeling [206,207]. ttx-
1(p767) and ztf-16(ns171) mutants failed to induce dauer remodeling [206,207] 
and preliminary data demonstrate dauer recovery delay in ttx-1(p767) mutant (not 
shown). In addition, RNAi knockdowns of aff-1 show defect in dauer-induced glial 
remodeling [206]. It is possible that F47D2.11 GPCR regulates ttx-1, ztf-16 
and/or aff-1 transcription in the AMsh glia to induce dauer remodeling. To test 
this, I propose to create transcriptional reporters of ttx-1, ztf-16, and aff-1 using 
their promoters to drive a GFP transgene and see if ns250 mutation alters GFP 
expression. If F47D2.11 is an upstream regulator of ttx-1, ztf-16, or aff-1, ns250 
mutation would inhibit GFP expression in the AMsh glia. If GFP is not affected, 
this suggests many possibilities, among which F47D2.11 could be working in 
parallel or downstream of these transcriptional factors and fusogen.  
Interestingly, AFF-1 is localized at the tip of AMsh glia that undergoes 
fusion in dauers (Carl Procko, unpublished). To test if F47D2.11 GPCR regulates 
AFF-1 trafficking to the tip of the glia, I propose to use AFF-1::GFP fusion protein 
expressed under an AMsh glia promoter and determine if F47D2.11(ns250) 
mutation alters GFP localization at the apical region of AMsh glia. If GFP remains 
localized at the tip of the glia, this suggests F47D2.11 does not regulate AFF-1 
trafficking and perhaps F47D2.11 is working in parallel or downstream of aff-1. If 
GFP localization is altered, this suggests many possibilities. It may be that 
F47D2.11 GPCR signals downstream trafficking machinery to transport AFF-1 to 
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the tip of the AMsh glia. Another possibility is that F47D2.11(ns250) GPCR 
inappropriately degrades AFF-1 at the tip of the glia. Further studies may be 
revealing. 
5.4  Does F47D2.11 GPCR function as an adhesion GPCR? 
While F47D2.11 GPCR could promote AMsh glia remodeling as a receptor 
for a diffusible ligand, it could also regulate remodeling as an aGPCR. Many 
morphological changes occur in dauer animals, including the radial shrinkage of 
the body circumference. This may physically push the left and right AMsh glia 
closer in proximity, allowing GPCRs localized at the tip of each cell to interact 
with one another to signal glial fusion [204]. Several aGPCRs have been shown 
to undergo similar homophilic trans-trans interactions, and these homophilic 
associations have been shown to promote aGPCR signaling (see Chapter 1) 
[145]. 
To test if F47D2.11 is an aGPCR, I would chimerically restore the 
expression of F47D2.11 in one or both AMsh glia and determine the effect on 
AMsh glial fusion. If hemophilic trans-trans interaction is required to signal 
amphid glial fusion, I would expect to see fusion rescue only in animals with wild-
type GPCR in both AMsh glial cells. This study requires generating animals 
carrying an unstable extrachromosomal array of the AMsh glia promoter driving 
expression of both F47D2.11 cDNA and GFP (AMsh glia 
promoter::GFP::SL2::F47D2.11) in the F47D2.11(ns841) early stop mutant with 
daf-7(e1372) temperature-sensitive mutation background to monitor fusion. The 
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presence of GFP in the glial cells will mark which cells have expression of 
F47D2.11 wild type protein. First, L1 animals will be selected for GFP expression 
in one or both glial cells. Then, these animals will be cultivated for more than 48 h 
at 25°C, which induces dauer entry due to the daf-7(e1372) mutation. Similar to 
the cytoplasmic mixing assay, if L1 animals with mosaic expression in only one of 
the AMsh glia do not show dauer fusion (as monitored by GFP diffusion), then 
F47D2.11 is likely required in both cells. To confirm this, I would select L1 
animals with GFP expression in both glial cells, induce dauer by cultivation at 
25°C and use EM serial analysis to determine glial fusion (see Chapter 6). If 
fusion is regulated by aGPCRs through contact-mediated signaling, these 
animals should exhibit fusion in ~50% of dauer animals. 
5.5  Amphid sensory organ remodeling as a model of nervous 
system plasticity 
Although vertebrate glial cells display remarkable morphological plasticity, 
the relevance of glial plasticity in developmental adaptation remains to be 
explored. Studying glia in traditional vertebrate models is challenging because 
these cells are essential for neuronal survival. C. elegans possesses glia that 
resemble vertebrate glia in morphology, function, and molecular characteristics; 
yet the glia of this animal are not required for neuronal survival [231,232]. Studies 
in C. elegans may prove particularly useful in understanding stress-induced 
nervous system adaptation. C. elegans have a simple and invariant number of 
neurons and glia, which have stereotyped morphology and connections. 
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Furthermore, the facile genetics of C. elegans facilitates gene discovery, which 
may prove useful for uncovering the molecular basis of glial actions on facilitating 
nervous system plasticity and behavioral modification. These observations make 
C. elegans a powerful system in which to understand glial functions in the 
nervous system and may be able to teach us something about the role of glia in 
the development and function of the human brain. 
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6  Materials and Methods 
6.1  C. elegans strains 
C. elegans were cultivated using standard methods [233]. All animals were 
cultivated at 15°C or 25°C, unless otherwise noted. Bristol N2 strain was used as 
wild type. Mutants recovered by EMS mutagenesis were outcrossed at least 
three times before use. Germline transformations were carried out using standard 
protocols [234]. Co-injection markers used were coelomocyte::GFP, 
coelomocyte::RFP, or plasmids as otherwise noted. Integrated transgenic strains 
were generated with UV/trioxalen treatment [235] (Sigma, T6137). Some strains 
listed below were sourced from the CGC, funded by NIH Office of Research 
Infrastructure Programs (P40 OD010440). 
Alleles and transgenes used or generated in this study: 
LGII: nIs213[Pegl-6::GFP; ELK15(lin-15(+))]; LGIII: daf-7(e1372); LGIV: 
nsIs22[Pver-1::GFP], dpy-20(e1282); LGV: F47D2.11(ns250, ns820, ns821, 
ns841, ns842, ns843, ns844, ns845, ns848, ns852; ns868, ttx-1(p767); LGX: lin-
15(n765), ztf-16(ns171); Unmapped: nsIs855[PF28A12.3::myr-GFP] 
Extrachromosomal array used: 
nsEx6181/nsEx6182[(fosmid WRM0612aF01); celo::RFP; PBluescript], 
nsEx6183(fosmid WRM0638cF08); celo::RFP; PBluescript], 
nsEx6184/nsEx6185[F47D2.11 gDNA (fosmid WRM0638cF08); celo::RFP; 
PBluescript], nsEx6173/nsEx6174/nsEx6175[PF16F9.3::F47D2.11 cDNA; 
celo::GFP; PBluescript], nsEx6045/nsEx6046/nsEx6047 [Pdyf-7::F47D2.11 
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cDNA; celo::GFP; PBluescript], nsEx6123/nsEx6124[(Pptr-10::F47D2.11 cDNA); 
celo::RFP; PBluescript], nsEx6150[PF16F9.3::F47D2.11 cDNA; celo::GFP; 
PBluescript], nsEx6125/ nsEx6126/nsEx6127 [PF16F9.3::F47D2.11 cDNA 
(E278K); celo::GFP; PBluescript], nsEx6123[(Pptr-10::F47D2.11 cDNA); 
celo::RFP; PBluescript], nsEx6124[(Pmir-228::F47D2.11 cDNA); celo::RFP; 
PBluescript], nsEx6004[(PF47D2.11(2.5kb)::GFP); celo::RFP; PBluescript], 
nsEx6005[(PF47D2.11(1.8kb)::GFP); celo::RFP; PBluescript], 
nsEx6027[celo::RFP; PBluescript], 
nxEx6187[PF47D2.11(2.5kb)::GFP::SL2::NLS::RFP], nsEx1391[PF16F9.3::GFP; 
rol-6(su1006)], nsEx5945[Podr-1::RFP; celo::RFP; PBluescript], zwEx103[Pinx-
3::GFP; lin-15(+)], zwEx104[Pinx-4::GFP; lin-15(+)], zwEx105[Pinx-5::GFP; lin-
15(+)], zwEx106[Pinx-6::GFP; lin-15(+)], zwEx107[Pinx-7::GFP; lin-15(+)], 
zwEx108[Pinx-8::GFP; lin-15(+)], zwEx109[Pinx-9::GFP; lin-15(+)], 
zwEx110[Pinx-10::GFP; lin-15(+)], zwEx112[Pinx-12::GFP; lin-15(+)], 
zwEx118[Pinx-18::GFP; lin-15(+)], zwEx122[Pinx-22::GFP; lin-15(+)], qaEx712 
[Pgly-18::GFP; dpy-20(+)] 
Table 6-1. egl-6  promoter bashing plasmids (pSM::GFP vector) 
Segment Name Promoter region 
A Cosmid C46F4: sequence segment 2131-5631 
B Cosmid C46F4: sequence segment 4132-5631 
C Cosmid C46F4: sequence segment 5632-7381 
D Cosmid C46F4: sequence segment 2131-4131 
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E Cosmid C46F4: sequence segment 7382-9121 
F Cosmid C46F4: sequence segment 5632-6998 
G Cosmid C46F4: sequence segment 6999-9121 
H Cosmid C46F4: sequence segment 2131-3331 
I Cosmid C46F4: sequence segment 3332-4131 
J Cosmid C46F4: sequence segment 4132-4989 
K Cosmid C46F4: sequence segment 4132-5631 
L Cosmid C46F4: sequence segment 5893-6700 
M Cosmid C46F4: sequence segment 6701-7507 
N Cosmid C46F4: sequence segment 7508-8314 
O Cosmid C46F4: sequence segment 8315-9121 
P Cosmid C46F4: sequence segment 2131-2431 
Q Cosmid C46F4: sequence segment 2432-2731 
R Cosmid C46F4: sequence segment 2732-3031 
S Cosmid C46F4: sequence segment 3032-3331 
T Cosmid C46F4: sequence segment 3332-3631 
U Cosmid C46F4: sequence segment 4990-5390 
V Cosmid C46F4: sequence segment 5391-5790 
W Cosmid C46F4: sequence segment 5791-6190 
X Cosmid C46F4: sequence segment 6721-7201 
Y Cosmid C46F4: sequence segment 7202-7681 
Z Cosmid C46F4: sequence segment 7682-8161 
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AA Cosmid C46F4: sequence segment 8162-8641 
BB Cosmid C46F4: sequence segment 8642-9121 
6.2  Plasmid construction 
Plasmids were constructed using Gibson cloning into the applicable backbone 
plasmid (Gibson). F47D2.11 cDNA was constructed by cloning each exon 
sequence from the fosmid WRM0638cF08 and fused using Gibson cloning. For 
CRISPR-related vectors, plasmids were generated using a site-directed plasmid 
mutagenesis protocol on pDD162 [236,237]. 
6.3  Gene identif ication 
A combination of Hawaiian Snip-SNP mapping [212] and whole genome 
sequencing [238] was used to identify F47D2.11 using output from galign [239]. 
F47D2.11 was confirmed by fosmid rescue, candidate gene analysis, and 
CRISPR. 
6.4  RNAi 
Plasmids expressing double-stranded RNA (dsRNA) were obtained from the 
Ahringer and Vidal libraries [240]. An empty vector was used as the negative 
control. RNAi was performed by plating L1 nsIs22 animals onto RNAi bacteria 
and allowing them to feed at 25°C [241]. ~48 hours later, young adult animals 
were screened for GFP expression in the AMsh glia. 
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6.5  Dominance test  
Dominance test was performed by crossing hermaphrodite ns250 mutant to its 
parental male nsIs22 strain expressing co-injection marker celo::RFP (and vice 
versa). F1 cross-progenies with red coelomocytes were selected and screened 
for GFP expression in the AMsh in both sexes under the dissecting scope. 
6.6  Germline transformation and rescue experiments 
Plasmid mixes containing the plasmid of interest, co-injection markers, and 
pBluescript were injected into both gonads of young adult hermaphrodites [234]. 
Injected animals were singled onto NGM plates and allowed to grow for two 
generations. Transformed animals based on co-injection markers were picked 
onto single plates, and screened for stable inheritance of the extrachromosomal 
array. Only lines from different P0 injected hermaphrodites were considered 
independent. For cell-specific rescue experiments, animals expressing co-
injection markers were picked as the method above. Lines with stable inheritance 
of the extrachromosomal array were used to screen for Pver-1::GFP restoration. 
6.7  Microscopy 
Pver-1::GFP (nsIs22) expression was assayed using a fluorescence dissecting 
microscope (Leica). Young adult hermaphrodites or dauer animals were scored, 
excepted as noted. Compound microscope images were taken on an Axioplan II 
microscope using an AxioCam CCD camera (Zeiss) and analyzed using the 
Axiovision software (Zeiss). Some images were collected on a DeltaVision Core 
imaging system (Applied Precision) with a PlanApo 603/1.42 na or UPlanSApo 
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60x/1.3 oil-immersion objective and a Photometrics CoolSnap HQ camera (Roper 
Scientific). Images were deconvolved using softWoRx program (GE Healthcare). 
Some images were collected on a DeltaVision OMX V4/Blaze 3D-SIM super-
resolution microscope (GE Healthcare) with a 100x/1.40 UPLSAPO oil objective 
(Olympus). Structured illumination data sets were reconstructed using softWoRx 
software (GE Healthcare). Dauer animals for electron microscopy were grown at 
25°C and selected for AMsh glial fusion or no fusion based on GFP fluorescence 
(see cytoplasmic mixing assay for more details). Animals were prepped and 
sectioned using standard methods [242]. Imaging was performed with an FEI 
Tecnai G2 Spirit BioTwin transmission electron microscope equipped with a 
Gatan 4K x 4K digital camera. 
6.8  Dauer selection 
Animals were starved and dauers selected by treatment with 1% SDS in M9 
solution for 15 min. Alternatively, animals carrying the daf-7(e1372) mutation 
were induced to form dauers by incubation at 25°C. 
6.9  Dye fi l l ing assay 
DiO (catalog # D-275) or DiI (catalog # D-282) from Molecular Probes stock 
solution was made at 2 mg/ml in N,N-dimethylformamide. Animals were stained 
with DiO or DiI (stock solution diluted 1:10,000 in M9 buffer) for 30–60 min, 
followed by three M9 washes to remove excess dye. 
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6.10  Cytoplasmic mixing assay to score AMsh glia fusion  
Adult animals carrying an nsEx1391 (AMsh glia::GFP) array were picked to 
plates seeded with OP50 bacteria, and cultivated at 25°C. From these plates, L1 
progeny carrying the nsEx1391 array in one of the two AMsh glia were picked 24 
h later to fresh seeded plates. Mosaic animals were incubated for 48 h at 25°C 
before scoring GFP presence in either one or both AMsh glia. Animals carrying a 
daf-7(e1372) mutation were only scored if they were dauer larvae by morphology 
at the end of the assay period.  
6.11  Dauer recovery assay 
6.11.1 Pharyngeal pumping assay 
To induce dauer formation, embryos were collected by hypochlorite treatment, 
washed extensively in water and then approximately 200 embryos were placed 
onto an NGM plate containing a small lawn of OP50 (~10μL of saturated OP50, 
24hr before use). Embryos were allowed to hatch and develop into dauer larva 
undisturbed at 15°C for at least 120 hours. Failure to include OP50 on the plate 
resulted in animals that arrested as starved L1 stage larvae. For dauer recovery, 
dauer animals were individually moved to a plate with a thick lawn of OP50 and 
incubated at 15°C. Dauers were examined every 30min to 1hour for pharyngeal 
pumping under the dissecting scope.  
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6.11.2 OP50-GFP recovery assay 
OP50-GFP bacteria (from CGC) were cultivated in LB media. 24 hours before the 
assay, around 40μL of bacteria were plated evenly on the NGM plates and dried 
overnight in the dark at 15°C. Dauer animals (see dauer selection) were singled 
out on the seeded plate and cultivated at 15°C in the dark. Every 30min to 1 
hour, dauer animals were screened for GFP accumulation in the pharynx under 
the dissecting scope. 
6.12  Data analysis 
Statistical analysis was performed using GraphPad Prism. Statistical parameters 
including mean ± SEM, and N are reported in the main text, figures, and figure 
legends. Data is judged to be statistically significant when p < 0.05 by Fisher’s 
exact test where appropriate. The rates of onset of OP50-GFP accumulation in 
the pharynx were plotted as survival from dauer, and were compared by log-rank 
test using GraphPad Prism 7. 
6.13  CRISPR-Cas9 genome edit ing 
Alleles of F47D2.11 were generated using the co-CRISPR-based genome editing 
method as previously described [219]. pDD162 was used as a vector backbone, 
and the following sgRNA sequences were added for each individual CRISPR 
attempt (E278K and deletion alleles (mix of 2 sgRNAs): 5’ 
ACATGACAACCACTGGAACAAGG 3’ and 5’ 
CTTGCTTTTTTTTATTGTTTTGG3’; Venus and SL2::NLS::RFP reporters : 5’ 
ACGGAAATCAAAGCGAACCC 3’) to generate F47D2.11 targeting vectors. A 
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dpy-10 sgRNA-pDD162-based vector was also generated (5’ 
GCTACCATAGGCACCACGAG 3’). Single-stranded repair oligos were ordered 
from Sigma (E279K: 5’ 
TTCCTTGTTCCAGTGGTTGTCATGTGGACGaAAATCAAAGCGAACCCGGGTG
TTATTCAGA 3’; dpy-10(cn64): 5’ 
CACTTGAACTTCAATACGGCAAGATGAGAATGACTGGAAACCGTACCGCATG
CGGTGCCTATGGTAGCGGAGCTTCACATGGCTTCAGACCAACAGCCTAT 3’). 
(Venus and SL2::NLS::RFP transgenes were inserted at the end of F47D2.11 
gene using plasmids: 5’ F47D2.11 homology arm-loxP-reversed unc-119(+)-loxP-
fluorescent transgene-3’ homology arm). For E278K and deletion alleles, N2 
animals were injected with the following mix: 50 ng/μl dpy-10 sgRNA, 50 ng/μl 
F47D2.11 targeting vector, 20 ng/μl dpy-10(cn64) repair oligo, 20 ng/μl F47D2.11 
repair oligo in 1x injection buffer (20mM potassium phosphate, 3mM potassium 
citrate, 2% PEG, pH 7.5). F1 animals with Dpy or Rol phenotypes were picked to 
individual plates, indicating a CRISPR-based editing event had occurred. F1 
animals were allowed to lay eggs, and then genotyped for successful co-
conversion of the F47D2.11 locus using PCR and restriction enzyme screening 
or Cel1 digestion of heteroduplex DNA (Ward 2015). Non-Rol, non-Dpy F2 
animals were then singled and homozygosed for the F47D2.11 mutation or 
insertion. For Venus and SL2::NLS::RFP transgenes, DP38(unc-119(ed3)) 
animals were injected with the following mix: 
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10 ng/μl pGH8 (Prab-8::mCherry, Addgene #19359), 5 ng/μl pCFJ104 (Pmyo-
3::mCherry, Addgene #19328), 2.5 ng/μl pCFJ90 (Pmyo-2::mCherry, Addgene 
#19327), 50 ng/μl F47D2.11 targeting vector, 10 ng/μl homologous fluorescent 
plasmid in 1x injection buffer (20mM potassium phosphate, 3mM potassium 
citrate, 2% PEG, pH 7.5). Three injected worms per plate were left to starve for 2 
weeks at 25°C. Non-red animals were picked individually and allowed to lay 
eggs, and then genotyped for successful insertion. Removing unc-119(+) 
cassette with Cre recombinase did not change the expression pattern. 
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7  Appendix 1: Functions of GLR glia in the nervous 
system of C. elegans 
7.1  GLR glia of C. elegans 
My initial thesis proposal aimed to understand the functions of the C. 
elegans GLR glial cells, which are mesodermal glia-like cells. Within the 
pseudocoelom (body cavity), 3 pairs of GLR cells (dorsal, ventral and lateral) are 
arranged in a six-fold symmetrical manner around the pharynx, just posterior to 
the nerve ring (NR), a donut-shaped ring of axons that functions as the brain of 
the animal [157] (Fig. 7-1). Each GLR cell body projects an anteriorly-directed, 
sheet-like process that closely apposes the inner face of the NR. These sheet-
like processes appear to seal the space between the somatic basement 
membrane of the muscle and the basement membrane of the pharynx near the 
anterior end of the NR. Hence, the narrow space between the pharynx and outer 
tissue anterior to the GLRs is termed accessory pseudocoelom (Z. Altun and 
D.H. Hall, unpublished). It is not yet clear if there is any material exchange 
between the accessory and body pseudocoelom. In addition, GLR cells make 
gap junctions to their target head muscles, as well as to nearby motor neurons 
that innervate these muscles [157]. 
Although the morphology and anatomy of GLRs have been characterized, 
their functions are not well understood. Because of their location, connectivity 
pattern, and lineage, GLRs seem to share common characteristics with body wall 
muscle cells. Both GLRs and muscle cells secrete type IV collagen, which is 
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Figure 7-1. Anatomy and posit ioning of GLR and CEPsh glia 
respective to the nerve ring (NR). (A) Within the pseudocoelom (body 
cavity), 3 pairs of GLR cells (dorsal, ventral, and lateral) are arranged in a six-fold 
symmetrical manner around the pharynx, just posterior to the NR. From each 
GLR cell body, sheet-like process projects anteriorly to wrap the interior of the 
muscle-neuron plates of the NR. At the anterior edge of the NR, the processes 
narrows down to thin rods and terminate at the end of the pharynx. The four 
CEPsh glia are arranged symmetrically and ensheath the outer face of the NR. 
(B) The schematic of a cross-section through the NR. The four CEPsh glia and 
six GLR glia are symmetrically oriented without overlapping. The muscle arms 
insert between the NR and GLR glia. 
integrated into the basement membrane of the muscle [243-246]. Furthermore, 
both cell types express C. elegans myoD homolog hlh-1, which is required for 
normal muscle function in late embryogenesis and larval stages [157,247]. hlh-1 
is predicted to drive expression of cell-surface proteins that mediate recognition 
and contact between GLRs and head muscles [157,247]. Therefore, GLRs are 
suggested to be mesodermal scaffolding cells that guide muscle arms to 
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appropriate territories during development [157,231,232]. When any one of the 
parental cells of the GLRs is killed in the embryo, animals hatch late and arrest at 
the L1 stage. These animals show an anteriorly-displaced NR and have 
widespread degeneration and vacuolation in neurons and hypodermis, which 
may result from disruption of the GLR seal (A. Chisholm, pers. comm.).  
What roles might GLR cells have? One exciting possibility is that GLRs 
modulate coordinated head muscle movement during animal locomotion and 
foraging. Although glial cells are absent from most neuromuscular junctions in C. 
elegans, GLRs form partnerships with the head muscles and motor neurons that 
innervate them. These muscles mediate fine motor behaviors that are less 
stereotypical than the undulations produced by body wall muscles, suggesting a 
possible need for glial companionship. Such a role would be reminiscent of 
perisynaptic Schwann cells function in vertebrates [27,243,244,248]. Another 
appealing possibility is that, together with CEPsh glia, which ensheath the outer 
portion of the NR [157], GLRs isolate the NR from its surroundings. Thus, GLRs 
may form a structure resembling the mammalian blood-brain barrier (BBB), which 
also isolates neurons from their surroundings. However, both functions are, of 
course, not mutually exclusive. 
My studies aim to provide inroads to understanding glial function, and may 
inform on the roles of glia in coordinating muscle activity as well as in insulating 
the brain. Determining a potential barrier-like structure around the NR in C. 
elegans would be a novel discovery. This would yield a new model system with 
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powerful tools of genetic and genomic tools, which, when combined with the 
complete anatomical reconstruction of the nervous system, will greatly help to 
understand the development and function of a BBB.  
7.2  Determine the existence of a NR barrier in C. elegans  
To determine whether a barrier shields the NR, I performed a dye 
penetration assay adapted from dye injection assays in Drosophila [249-251]. I 
collected dyes commonly used in Drosophila and zebrafish [249-252] to 
characterize BBB permeability, including a variety of fluorescent dyes coupled to 
different sizes of dextran carriers. I performed dye penetration assays by injecting 
Texas-red (TR) coupled dextran (3, 7, 10kD) and Alexa Fluor (AF)-594 Dextran 
(10kD) into the pseudocoelomic cavity of C. elegans at young adult stage. The 
NR was visualized using a nematode strain, which carries an integrated GFP 
transgene (Pnmr-1::GFP) marking a small number of axons in the NR. If a BBB-
like structure exists around the NR, we expect a donut shaped space where the 
fluorescent dye cannot penetrate. Several injection sites were tested (Fig. 7-2). 
Potential injection sites included: a) near the isthmus of the pharynx b) near the 
pharyngeal-intestinal valve c) the space between the distal/proximal gonadal 
arms (Fig. 7-2). In my hands, the best injection site was between the 
distal/proximal gonadal arms (Site C Fig. 7-2), which allowed easy access to the 
pseudocoelomic cavity and showed fast widespread dye dispersal throughout the 
worm body. Injections at both the  
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Figure 7-2. 	Potential injection sites for the dye penetration assay. 
Dyes were injected into the pseudocoelomic cavity of hermaphrodite C. elegans 
at young adult stage. Potential injection sites include: A) at the isthmus in the 
pharynx B) near the pharyngeal-intestinal valve C) space between the 
distal/proximal gonadal arms. 
 
isthmus in the pharynx (Site A Fig. 7-2) and near the pharyngeal-intestinal valve 
(Site B Fig. 7-2) allowed easy dye dispersal, but I wanted to avoid the chance of 
damaging the NR area during the procedure. 
Next, I tested for the fluorescence persistence of different dyes inside the 
worm. C. elegans possess 3 pairs of coelomocytes in the pseudocoelomic cavity 
that continuously and nonspecifically endocytose fluid from the pseudocoelom 
[253]. Initially, I was concerned that the injected dye may be phagocytosed by the 
coelomocytes before it can reach the NR. Injecting dyes into coelomocyte uptake 
defective (Cup) mutants may allow the dye to accumulate longer in the 
pseudocoelom. To test, I injected TR-Dextran (3, 7, 10kD) and AF-594 Dextran 







over 5 hours post-injection. AF-594 Dextran dye fluoresced brighter and more 
consistently compared to different sized TR-Dextrans. Therefore, I continued the 
following dye penetration assays using AF-594 Dextran dye.  
To visualize the NR, I injected AF-594 Dextran dye into a transgenic strain 
carrying a Pnmr-1::GFP reporter that marks few axons around the NR but 
otherwise is essentially WT. After injection, animals were allowed to recover for 4 
hours in the dark. The injected animals were then mounted on 2% agar 
pads+3mM NaN3 for paralysis. To generate a transverse view of the worm, 
injected worms were analyzed using a deconvolution microscope (Deltavision 
Image Restoration Microscope, Applied Precision/Olympus), available at the 
Rockefeller BioImaging Facility. Images were analyzed using SoftWoRx software 
(Applied Precision). Z-stack sections of the worm were reconstructed into 3D 
images using the Imaris program. Figure 7-3 shows a transverse section through 
the NR in one of the operated worms. NR is labeled green and the dye is shown 
in red. AF-594 Dextran dye seems to accumulate in the narrow space between 
the pharynx and the NR as well as outside of the NR. Preliminary data suggests 
there exists a donut-shaped barrier around the NR (Fig. 7-3).  
7.3  Identif ication and characterization of GLR markers 
GLR-specific reporters were unavailable at the start of this project. 
Therefore, I set out to identify the regulatory elements that drive gene expression 
specifically in the six GLRs, which I planned to use to express fluorescent 




Figure 7-3. Potential barrier around the NR. Transverse section though 
the NR in young adult hermaphrodites injected with 2.5mM AF-594 Dextran 
(10kD) dye (red). The NR is shown in green (Pnmr-1::GFP). The dye 
accumulates on both sides of the donut-shaped ring, suggesting a potential seal 
around the NR.  
 
first larval stage animals by laser microsurgery [254,255], or to drive expression 
of cell-death promoting genes. I identified three classes of reporter genes (egl-6, 
innexins and gly-18) driving GFP expression in variable number of GLRs among 
other cells. I then characterized the expression pattern of these transgenes, 
which will be described below: 
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Figure 7-4. 	Expression pattern of Pegl-6 ::GFP reporter transgene. 
egl-6 directed expression in L2 hermaphrodite animal shows GFP labeling in 
GLR and HSN motor neuron. 
egl-6 transgene reporter: Worms expressing the transgene Pegl-6::GFP are 
labeled primarily in the HSN neurons and GLR cells (two dorsal and two ventral), 
with weaker expression in DVA tail interneuron and occasional expression in the 
lateral interneurons SDQL and SDQR. As shown in Figure 7-4, GLR shows a 
clear cell body with sheet-like process that tapers out anteriorly. Pegl-6::GFP is 
brighter in ventral GLRs compared to dorsal GLRs. 
Innexins transgene reporters: GLRs express large variety of innexins, including 
inx-3, inx-4, inx-6, inx-7, inx-8, inx-9, inx-10, inx-12, inx-18, and inx-22. All 11 
strains showed weak GFP expression in all labeled cells. Five of these strains 
(inx-4, inx-7, inx-8, inx-18, and inx-22) express GFP only in the two lateral GLR 
cells.  
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gly-18 transgene reporter: The gly-18 promoter drives GFP expression in all six 
GLRs at the embryonic stage (Georgia Rapti, pers. comm.). I characterized the 
expression pattern of these animals in post-embryonic stages. While I can detect 
the six GLR cell bodies, I am unable to see the sheaths clearly. There are 15 
additional cells expressing GFP, most of them in close proximity to the GLRs, 
making this strain not ideal for laser or genetic ablations.  
Promoter bashing  
To create a GLR-specific reporter, I conducted promoter bashing on the 7kb 
egl-6 locus (bases 2131-9121 in cosmid C46F4). Using molecular cloning 
techniques, I generated 28 promoter segments as shown in Figure 7-5.  
 
 
Figure 7-5.  Promoter bashing egl-6 locus (7kb). The original egl-6 
promoter spans 7.0kb across cosmid C46F4. Portions of the original 7kb region 
were systematically deleted using molecular cloning techniques. Segments A-Z, 
AA, and BB are regions upstream of egl-6 gene start site. These promoter 
segments were cloned into pSM::GFP vector for transformation using N2 
animals. Segment regions listed in Chapter 6.  
 





100bp = 23 pt
Segment A: 3748 bp
Segment B: 1000 bp
Segment C: 1640 bp
Segment D: 2748 p
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Segments A, B, D, H-K, P-V are regions upstream of egl-6 gene start site. I 
cloned these promoter regions into the pSM::GFP vector and injected them 
individually into N2 animals for transformation (see Chapter 6). I monitored the 
progeny for GFP expression specifically in GLRs. Unfortunately, none of these 
regions labeled GLRs specifically. In fact, some segments, like segment H and 
O, introduced labeling in new cell types. I did not observe any obvious pattern to 
aid me in selective bashing.  
7.4  GLR glia ablation using microbeam laser  
I tested GLR laser ablations using transgenic strains described above. I 
successfully ablated two GLRs in Pegl-6::GFP worms at L2 larval stage. I found 
that GLR ablation at L2 stage is easier because the cell bodies are larger and 
easier to detect. Ablation success was confirmed by the lack of GFP expression 
and nearby cells looked healthy right after ablation and 48 hours post-ablation. 
Due to lack of GLR-specific reporter, ablation studies were put on hold.  
7.5  Conclusion 
GLR glia are poorly characterized cells and only have few speculative 
reports of their function in the literature. The goal of this project was to identify a 
novel function of the GLR cells. Although I took the steps discussed in this 
chapter, I was unable to isolate a GLR-specific reporter, which was a crucial 
element to continuing this project. Given the inability to progress this project due 
to the lack of the GLR-specific reporter, I decided to turn my attention to the 
stress-induced glial remodeling project.   
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